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Abstract:
Improved techniques for remediating groundwater systems are required for the more than
500,000 contaminated sites in North America. Many of these sites are the legacy of
historical industrial operations, inappropriate disposal practices and accidental releases.
The most widely observed contaminant at many of these sites is petroleum hydrocarbons
(PHCs). Recently, remediation efforts that involve the sequential application of treatment
technologies have gained widespread interest. One specific sequential technology
application or treatment train employs the aggressive nature of a chemical oxidation
followed by bioremediation for polishing. When persulfate is used as the chemical oxidant
its natural degradation by-product is sulfate, an electron acceptor for sulfate-reducing
bacteria. Hence in this thesis, the focus is on ways to optimize the mass removal behaviour
of a treatment train that involves the use of PHC biodegrading sulfate-reducing bacteria as
a bioremediation tool for the ‘polishing’ of a contaminated site. Persulfate was predicted
to have a multitude of effects on microbial communities, both positive and negative. It was
hypothesized that the production of sulfate would enhance the sulfate-reducing community
and subsequently increase biodegradation potential following a persulfate treatment.
However, the use of a strong oxidant like persulfate may also have detrimental effects on
microbial communities. In order to test this hypothesis, a bench-scale system was
implemented to gather data for the analyses of this remediation technique. Microbiological
methods and chemical analyses of geochemical parameters were used to examine diversity,
richness and abundance of sulfate-reducing communities following persulfate treatments.
Initially, the successful generation of anaerobic bioreactors containing an indigenous
sulfate-reducing microbial community from a freshwater aquifer was completed and
confirmed using colony-PCR. Approximately 3 ppm total PHC was then introduced into
the reactors and the microbial community was then allowed to acclimate to the conditions.
PHC biodegradation was confirmed (~ 5.7 µg/L/hr). The community was then exposed to
two types of oxidants, unactivated and alkaline-activated persulfate. Immediately
following exposure, culture-based methods revealed almost complete reduction of the
microbial community (≤101 CFU/mL and SRB cells/mL). qPCR on a gene conserved
within the sulfate-reducing phylogeny confirmed this reduction. However, by the fourth
week of the recovery phase, bacterial counts and target genes rose above pre-treatment
levels, indicating enhancement of the sulfate-reducing community following the oxidant
exposure(s). However, the recovered community displayed differences in structure and
function, as revealed by microbial community fingerprint profiles and a lowered
biodegradation potential (~2.7 µg/L/hr). Overall this research illustrated the successful
application of a remediation treatment train at a bench-scale level.
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Chapter 1. Introduction
1.1 General Background
For over a century, fossil fuels have been a prevalent and reliable source of energy.
Fossil fuels like gasoline have been integral in sectors such as the transportation industry.
However, the use of fossil fuels, and the subsequent dependence on them, have caused
significant harm to the global environment. Over the past few decades, the extraction and
storage of fossil fuels in depots and gas stations have led to the contamination of subsurface
sediments and ground-water aquifers, resulting in contaminated sites (so-called
“brownfields”). Not only are brownfields detrimental to ecosystems but they also limit
urban development due to the restrictions placed on future uses of contaminated sites
(Chen, 2013; Thornton, 2007). Internationally, the remediation sector has an estimated
value of $50-60 billion US (Sutton et al., 2010; Singh, 2009). With the increasing discovery
of brownfield sites around the world, there is a need for the development of efficient and
cost effective ways to remediate the various contaminants that plague our environment
(Thornton, 2007). One promising mechanism is the use of in situ bioremediation (ISB)
(Barker et al., 1987; Acton & Barker, 1992; Edwards et al., 1992). ISB implements
indigenous microorganisms, with biodegradation potential, to clean a contaminated site.
Over the past 2 decades, researchers have begun to study environmental microbiology and
its predominant role in the processes involved in remediating petroleum hydrocarbons
(PHCs) (Anderson and Lovley, 2000; Röling, et al., 2004). With the development of
different combinations of techniques to remediate sites, there is a continued need to study
the effects of those techniques on indigenous microbial communities. Therefore, it is
1
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important to better understand the structure and function of microbial communities, and
the functional groups within that community, at sites undergoing remediation. Especially
when other remediation (e.g. in situ chemical oxidation) techniques are used in unison with
bioremediation/natural attenuation.
Land-based remediation is a developing area of research. There are many different
ways to remediate contaminated sites, however, there is always a need to formulate
remediation processes to be more cost effective and efficient. In order to do so, remediation
processes have evolved to use a combination of methods to successfully clean
contaminated sites (Petri et al., 2011; Bombach et al., 2010; Sutton et al., 2010). More
specifically, research developments have occurred which pertain to the use of oxidants,
such as persulfate, permanganate or hydrogen peroxide, to initially degrade freshwater
aquifer contaminants and the subsequent utilization of biodegrading bacteria as a longterm, polishing treatment (Sutton et al., 2010). This sequential technology is known as an
in situ chemical oxidation/in situ bioremediation (ISCO/ISB) treatment process. However,
there are both positive and negative aspects associated with this process and those aspects
will be discussed in further detail in a following section. A study done by Thomson et al.
in 2004 demonstrated that the oxidant permanganate reduced activity and richness of the
indigenous bacterial community at a remediation site. However, the microbial community
was able to retain microorganisms capable of degrading naphthalene following the
permanganate treatment. There have been other studies as well that have also examined the
effects of oxidants such as Fenton’s reagent, permanganate, ozone and persulfate on
microbial communities (Kastner et al., 2000; Klens et al., 2001; Jung et al., 2005; Bou2
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Nasr et al., 2006; Tsitonaki et al., 2008; Richardson et al., 2011; Sutton et al., 2014;
Cassidy et al., 2015). However, these studies do not provide a detailed representation of
the changes that occur within an anaerobic microbial community, specifically that of
sulfate-reducing communities with PHC biodegradation capabilities, when exposed to
oxidizing agents. In general, this combination of remediation techniques is still a relatively
new area of research and there are knowledge gaps that need to be filled. Persulfate, in
particular, is one of the more recently discovered oxidants used for in situ chemical
oxidation (ISCO) and its effects on anaerobic bacteria are still relatively unknown (Sutton
et al., 2010; Petri et al., 2011).
There is also a need to further research the microbiological processes as a part of
the remediation approach for removing PHC contamination, in particular those that are
coupled with an ISCO technology. In this study, the coupling of bacterial and chemical
oxidative processes will produce an ISCO/ISB petroleum hydrocarbon treatment train. The
term ‘treatment train’ is relatively new and a developing concept in environmental
engineering (Shayan et al., 2015; Sutton et al., 2010). A treatment train refers to a set of
processes that are linked together and flow in unison to reach the overall goal of completely
remediating a contaminated area of concern. The treatment train approach can be
implemented within a partially controlled setting which allows for the manipulation of
remediation processes safely and with efficacy in the field. The controlled, and sometimes
confined, system ensures that a contaminated site is not left to interact with the surrounding
environment where the treatment process occurs. Closed systems can be made possible by
including man-made barriers that section off portions of the aquifer (Shayan, 2015),
3
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assuming that that the aquitard is somewhat impermeable (e.g. clay base). However, closed
systems are not always possible due to physical barriers that may be present at a particular
site.
As a relatively new approach, the treatment train design has limitations that are
still being explored and assessed. For this particular study, a reflection of the treatment
train method was implemented and examined through a bench-scale approach using
bioreactors. The bioreactors will be described in further detail in the experimental design.
Intrinsic bioremediation of PHC will be the main focus of the bioremediation treatment.
However, a preliminary bench-scale model (data not shown in this thesis) using a bacterial
community (containing a consortium of sulfate-reducing bacteria) from anaerobic waste
water sludge (1% v/v inoculum) was examined initially to provide details (e.g. flow rate,
developing anaerobic bioreactors, etc.) on how to proceed with the major column
experiment described in this thesis (Shayan, 2015). The introduction of foreign microbial
communities for contaminant biodegradation is known as a type of extrinsic
bioremediation (EBR), which is not permitted/extremely restricted in Canada for field
application (CEPA, 1999). The major column study in this project involved the use of
actual core material containing a sulfate-reducing consortium from a previously
contaminated field site, a simulation of an intrinsic bioremediation process.
1.2 Microbial Bioremediation:
Bioremediation can be defined as the use of biological organisms, such as plants
(phytoremediation), fungi (mycoremediation), and/or bacteria, to degrade or absorb
4

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

contaminants in the environment. A recent focus of interest is the remediation of common
PHCs (benzene, toluene, ethylbenzene, and

p,m,oxylenes

(BTEX)) using microbial

bioremediation. For this research, BTEX was the focus of this study as they are prevalent
environmental contaminants and the components are some of the most mobile and soluble
constituents in gasoline (Allen-King et al., 1994). It has long been known that microbial
communities indigenous to freshwater aquifers can demonstrate biodegradation
capabilities with respect to BTEX contamination (Barker et al., 1987; Barbaro et al., 1992).
Microbial bioremediation is the use of microorganisms to resolve, through
biodegradation, prevalent environmental contaminants of groundwater and surface or subsurface sediments (Barker et al., 1987; Margesin et al., 2000; Bamforth & Singleton, 2005).
Many microorganisms utilize organics in the environment to sustain themselves; some
even have the ability to consume organic pollutants that are introduced via environmental
contamination (Juwarkar, 2010; Röling et al., 2004). It has been well-established that
aerobic bacteria are capable of bioremediation but, more recently, there has been interest
in extrapolating the biodegrading potential of anaerobes as there are typically anoxic
regions in groundwater aquifers (Lovley, 1997; Bombach et al., 2010; Sun & Cupples,
2012). Biodegrading anaerobes are an important aspect to bioremediating subsurface
sediments and aquifers because there are anoxic areas typically present to which
contaminants can migrate. Anaerobic organisms that have pollutant-utilizing capabilities,
such as denitrifying bacteria, sulfate-reducing bacteria and methanogens, are of particular
interest in the study of bioremediation in groundwater aquifers. The use of these
remediating organisms can occur in two ways. Typically, bioremediation can occur either
5
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by 1) introducing pollution-consuming microbes (extrinsic bioremediation or EBR) or 2)
enhancing the microbial community that is already present (intrinsic bioremediation or
ISB). The second of the two provides a potentially more cost effective method and has,
therefore, grown in interest globally (Sutton et al., 2010; Bombach et al., 2010).
Bioremediation can be a very effective and cost efficient way to remediate
brownfield sites. However, the process of natural attenuation can be considered slow,
taking years to fully remediate contaminated groundwater and sediment plumes. Longevity
of the application is particularly affected if bioremediation of anaerobic aquifer
environments is required, as it has been found to occur at a slower rate than aerobic
biodegradation (Acton & Barker, 1992; Mathies et al., 2010; Weelink et al., 2010; Shah,
2014). To increase the efficacy of in situ bioremediation in anaerobic areas, biostimulation/
bioaugmentation is a common process where additional electron donors and/or nutrients
are added to generate ideal redox conditions (Delvin and Barker, 1994; Mathies et al.,
2010; Sutton et al., 2010). To alleviate some aspects of this problem, chemical oxidants,
such as persulfate and permanganate, are used initially to enhance the processes of
remediation. However, oxidant treatment or ISCO does not necessarily reach all areas of
contamination and, therefore, is typically used in unison with microbial bioremediation.
Microbial bioremediation can be seen as a long-term, polishing treatment that completes
the process of fully remediating a site. Given sufficient time, a PHC biodegrading microbial
community can successfully remediate a site for future use (Shayan, 2015; Sutton et al.,
2010; Edwards et al., 1992; Acton & Barker, 1992).
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1.3 Microbial Communities in Freshwater Aquifers (Borden, ON, Canada)
The maintenance and protection of clean, potable groundwater is of utmost
importance to humankind. When thinking about groundwater, one does not often speculate
on how these aquifers operate. Freshwater aquifers are not only critical in that they supply
us with useable water, but they also play a fundamental role in nutrient cycling. The main
drivers of these processes are typically the microbial community within these aquifer
zones. There are anaerobic and aerobic areas within freshwater aquifers, meaning that there
is typically a vast and extremely diverse microbial composition present, typically working
in unison to help drive biogeochemical processes (Lehman et al., 2001; Lehman et al.,
2001; Kleikemper et al., 2002; Flynn et al., 2012; Flynn et al., 2013).
With respect to the field site in this project (CFB Borden, ON, Canada) that was
used for core material and groundwater, the physical parameters reflect a shallow, sandy
aquifer that is mainly heterotrophic and aerobic in nature with oligotrophic components
(Butler et al., 1997). In this type of environment, nutrients are relatively low compared to
soils high in natural organic matter (NOM) (e.g. agricultural sediment). The microbial
community composition consists primarily of aerobic, oligotrophic, psychrophilic
organisms. Butler et al. (1997) found that the Borden aquifer contained a sparse and
reduced viable population (dry weight: <10 to 104 CFU/g), where communities were
localized, especially when considering the presence of anaerobes such as SRB. In general,
total microbial numbers in the Borden aquifer tend to be on the low end in comparison to
other pristine, shallow aquifers (Butler et al., 1997). The medium that showed the highest
success rate at culturing the general, viable, microbial population, most notably anaerobes,
7
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was R2A in the Butler et al. (1997) study. R2A is a general, non-selective, enrichment
media used for the enumeration of cultivable organisms from environmental samples.
Consequently, R2A was used in this study to analyze fluctuations in the general microbial
community throughout the persulfate treatment process.
There can be a significant difference in microbial community structure between
freshwater aquifers, depending on the aquifers’ ability to sustain microbial life
(bioavailability of nutrients). Therefore, the response/recovery of a biodegrading microbial
community to different ISCO treatments can fluctuate between contaminated sites.
However, one general thought for consideration is whether SRB have a higher potential for
recovery since it has been shown SRB are able to handle environmental stresses (e.g.
fluctuations in redox potential) more so than other microbes in the supporting community
(Dolla et al., 2006). The return of SRB over other microbes, such as methanogens, is
desirable as methane production is an unwanted by-product during bioremediation efforts.
It is difficult to yield a solely SRB-dominated microbial community as SRB and
methanogens co-exist and co-metabolize together in subsurface sediments (Stams et al.,
2005; Dar et al., 2008). However, by changing sulfate concentrations and substrate levels
(i.e. lactate, which is used for initial bioaugmentation of the bioreactors in this study), an
SRB-dominant microbial community can develop with methanogens still present, but in
lower numbers (Dar et al., 2005; Dar et al., 2008). Thus, the re-establishment of an SRB
community following a persulfate treatment is an area of interest and the focus of this
study.
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It should also be noted that variability exists at a single site, with respect to attached
and unattached (suspended) microbial communities (Lehman et al., 2001; Lehman et al.,
2001; Flynn et al., 2013). For example, Flynn et al. (2013) discovered that bacteria which
respire insoluble substrates (i.e. iron oxides respired by Geobacter spp.) are in greater
abundance in the attached community than the suspended community in pristine freshwater
aquifers. Only the suspended microbial community (with exception of some particulate
that leaves the bioreactors) was analyzed in this study. Further investigation into the
changes that occur to attached microbial communities experiencing a persulfate treatment
should take place to fully grasp the effects of an ISCO exposure on an anaerobic microbial
community.
1.4 Sulfate-reducing Bacteria:
A class of microbes, known as sulfate-reducing bacteria (SRB), have the ability to
remove PHCs from the environment (Acton & Barker, 1992; Reinhard et al., 1997; Pelz,
2001; Morash et al., 2004; Müller et al., 2004; Cassidy et al., 2015). SRB are present
throughout the environment and are integral participants of the sulfur and carbon cycles
(Fukui et al., 1999; Ghazy et al., 2011; Castro et al., 2011; Plugge et al., 2011; Kondo et
al., 2012). SRB utilize sulfate as their electron acceptor (‘respire’ sulfate) while they
degrade organics; they are strictly anaerobic and colonize subsurface sediments, making
them a suitable organism for bioremediation of contaminated aquifer plumes (Acton &
Barker, 1992; Chang et al., 2001). Plumes, in this case, are the contaminated areas of the
aquifer. The reduction of sulfate can transpire over an extended range of pressure, pH,
temperature, and salinity environments (Ruwisch et al., 1987; Atlas and Bartha, 1993).
9

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

SRB have even been found to form biofilms, aiding in nutrient sequestration and colony
protection (Santegoeds et al., 1997; Wargin & Skucha, 2007). In the natural environment,
sulfate-reducers have been found to utilize pyruvate, lactate and molecular hydrogen as
sources of electron donors and produce H2S as their main metabolic by-product (Postgate,
1979; Atlas and Bartha, 1993). H2S can be indicative of metabolically active SRB in an
aquifer. H2S is toxic, even to SRB themselves, so a build-up of H2S is not overly desirable
in remediation processes, however, it can precipitate out as metal sulfides, becoming less
toxic, unlike methane which can pose potential health risks (e.g. explosive above 50,000
ppm) (Reis et al., 1992; Ma et al., 2012). A general example of reduction of sulfate is as
follows:
4H2 + SO42-  H2S + 2H2O + 2OH-

(Equation 1.1)

Also, as mentioned, sulfate-reducers have been discovered to biodegrade environmental
contaminants such as PHCs, and have thus been noted as a potential mechanism for
facilitating bioremediation.
Sulfate-reducing bacteria that have been found and/or introduced at remediation
sites include species of Desulfovibrio, Desulfotomaculum, Desulfobulbus, Desulfobacter,
and Desulfosporosinus (Devereux et al., 1997; Robertson et al., 2001; Kleikemper et al.,
2002; Sun & Cupples, 2012; Petri et al., 2011; Colin et al., 2013). Although we have some
understanding of the key participants in bioremediation on an organismal/genus level, more
research is needed on how to effectively use or manage a sulfate-reducing community as a
remediation tool.
10
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To further our understanding, the metabolic function of indigenous sulfate-reducing
communities in bioremediation needs to be examined and profiled. The functionality of
sulfate-reducing bacteria is extremely important to analyze. Functionality will give us an
indication of the energetic needs of sulfate-reducing communities involved in
bioremediation. The way to analyze function (i.e. metabolism) within a community is
through culture-based approaches and the analysis of biodegradation potential. Culturebased approaches will allow for the ability to analyze the utilization of different carbon
sources, and the effects of temperature, as well as other environmental stressors on the
community (e.g. pH). In this study, an exposure to a high pH (pH 12) will be analyzed; a
form of persulfate activation is the use of high alkaline conditions (≥ pH 10.5) (Sutton et
al., 2010). When ISCO is used as an initial form of remediation, oxidative stress, as well
as changes in pH and redox potential, can alter subsurface soil conditions and potentially
have a negative effect on bioremediating microbial communities (Sutton et al., 2010;
Cassidy et al., 2015). Culture-based analysis is important as this approach will compliment
genetic-based analysis and provide insight into the effects of ISCO on the viable portion
of the anaerobic communities examined.
Knowledge of microbial community structure changes will also play an important
role in the successful application of bioremediation (Li et al., 2007; Zucchi et al., 2003).
Molecular techniques, such as quantitative polymerase chain reaction (qPCR) and
denaturing gradient gel electrophoresis (DGGE), will provide information on changes in
relative abundance, as well as fluctuations in genetic richness and diversity with respect to
the sulfate-reducing community (Dar et al., 2007; Miletto et al., 2007; Foti et al., 2007;
11
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Talbot et al., 2008; Geets et al., 2006; Geets et al., 2005; Giloteaux et al., 2010; Zeleke et
al., 2013). The practical meaning of richness and diversity in this case is the number of
species/bands present in a samples (richness), as well as the evenness of band intensities in
comparison to the number of bands in a single lane/sample (diversity). The basis of genetic
analysis in this thesis was the study of fluctuations in the dissimilatory sulfite reductase
gene (dsrAB; ~1.9 bp), which encodes for a conserved enzyme within the SRB phylogeny,
during a persulfate-mediated ISCO treatment. The enzyme contains two subunits, dsrA and
dsrB (alpha and beta subunits, respectively), and is a key component in the reduction of
sulfate. The conserved gene segment(s) that encode for the enzyme, and its subunits, make
it an appropriate target for molecular-analysis of various SRB communities (Wagner et al.,
1998; Pérez-Jiménez et al., 2001; Neretin et al., 2003; Kondo et al., 2004; Geets et al.,
2006; Spence et al., 2008; Santillano et al., 2015; Müller et al., 2015).
With respect to DGGE analysis, changes in a microbial community ‘fingerprint’
profile/structure can be monitored by changes in a community’s G+C composition
(Muyzer et al., 1993). Monitoring differences in G+C content is a way to compare
similarities in nucleotide composition of highly conserved bacterial 16s rDNA within a
community or between communities and can infer phylogenetic similarities (Wayne et al.,
1987). In DGGE analysis, an organism-based ladder, containing segments of DNA from
known species of bacteria, is included, however, the identity of particular OTUs
(operational taxonomic unit) or phylotypes cannot be inferred due to the potential for band
co-migration on a gel. A phylotype refers to classes of organisms that are similar with
respect to their evolutionary development. Since bands or OTUs have been known to co12
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migrate through gels, OTU comparisons to an organismal-based ladder can be misleading.
However, as mentioned, taxa with similar G+C content can infer phylogenetic similarities
(Wayne, 1987). Band excision from gels and sending the band(s) for sequencing is one
way to determine the classification/taxa of recovering organisms or dominant OTUs in a
sample. For this study, SRB-based and universally-based DGGE was used to monitor
shifts, or a lack thereof, in the recovering anaerobic microbial community following two
types of persulfate treatment (unactivated and alkaline-activated). Shifts are also monitored
with respect to changes in the community following inoculation into the columns at room
temperature. Chandler et al. (1997) has shown that fluctuations in a microbial community
fingerprint profile can occur when subsurface sediments are removed from their natural
environment and brought into a lab setting.
The structure of the microbial community is expected to change throughout a
remediation process, especially when including extenuating factors such as oxidants.
Oxidants used for the remediation of petroleum contaminants can be very strong oxidizers,
such as persulfate. Consequently, some or all of the bacterial community could be
eliminated following an ISCO treatment. However, recent research suggests that a
biodegrading community can actually be enhanced following a remediation process
(Sutton et al., 2010; Richardson et al., 2011; Sutton et al., 2014; Cassidy et al., 2015). With
all aspects considered, further investigation is needed with respect to the changes in the
structure of a sulfate-reducing community involved in a remediation process that includes
persulfate and its various activation methods. Some of the voids mentioned will be filled
with the application of the results found throughout this study.
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1.5 Persulfate-based in situ Chemical Oxidation (ISCO):
An ISCO treatment process typically involves subsurface injections of chemical
oxidants, which are responsible for mass contaminant oxidation/degradation (Sutton et al.,
2010; Siegrist et al., 2011). Any contaminants attached to a soil matrix, or in non-aqueous
phase liquid form, can typically be treated by this aggressive method. However, treatment
is more effective if the contaminant is not bound to dense natural organic matter (NOM)
(Petri et al., 2011). If the contaminant plume is mainly confined within sediment, the NOM
usually needs to be broken down first by the oxidant to allow sorption of the contaminant.
This can be more difficult if the NOM is dense and composed of only partially decomposed
material. This is where the addition of enhanced bioremediation can come to the forefront.
If a biodegrading community can withstand a persulfate application, then they can be used
for ‘polishing’ a site by remediating any recalcitrant by-products remaining in areas where
oxidant treatment is less effective (Sutton et al., 2010). Some of the reactions that are
included in the activation of persulfate are as follows:
Electron transfer:
S2O82- + 2e-  2SO42-

(Equation 1.2)

Acid generation:
S2O82- + H2O  2HSO4- + ½O2

(Equation 1.3)

High pH:
OH-

2S2O82- + 2H2O
SO4●4- + OH-

 SO4●- + O2●- +3SO42- + 4H+
 SO42- + OH●

(Equation 1.4)
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As mentioned, there are currently a variety of different oxidants used for ISCO,
such as permanganate, Fenton’s reagent, or persulfate. All methods are ongoing areas of
remediation research in an effort to discover which chemical additions to a contaminated
aquifer will provide the most efficient/cost-effective path to remediation (Sutton et al.,
2010). The versatility of ISCO as a remediation strategy makes it a developing research
area. ISCO provides an extensive and rapid way to remove both dense and light
recalcitrant, pure phase PHC compounds (Sutton et al., 2010; Thomson et al., 2004; Petri
et al., 2011). An important aspect to consider is the environmental effects of the radicals
produced from the oxidant reacting with PHC. The radicals produced will also be
considered when examining potentially effective chemicals. One particularly aggressive
oxidant, persulfate (Na2S2O8), produces sulfate when activated (Sutton et al., 2010;
Shayan, et al., 2013). Sulfate (●SO42-) and hydroxyl (●OH-) radicals also develop
following persulfate applications as well as other unknown agents, all of which are
expected to be attribute to the oxidants aggressiveness as a contaminant treatment tool. An
example of this is the degradation of benzene proposed by Sra et al. (2013):
C6H6 + 15H2SO82- + 12 H2O  6CO2 + 30SO42- + 30H+

(Equation 1.5)

Following the reaction, it is proposed that the generated sulfate can then be utilized by PHC
degrading SRB, potentially leading to a type of ‘enhanced’ bioremediation. Furthermore,
if incomplete degradation of PHC compounds occurs, the partially degraded contaminant
is potentially more bioavailable for biodegradation by indigenous microbes still present
following the ISCO treatment. (Sutton et al., 2010; Shayan, 2015). However, it is mainly
15
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the production of sulfate that has the potential to increase biological reaction rates of SRB
via biostimulation (Sutton et al., 2010). Thus, the products of the chemical oxidation of
petroleum contaminants could ultimately support or promote the bioremediation
‘scrubbing’ process that follows ISCO. The research on persulfate-mediated ISCO and its
effects on microbial communities is relatively grey, with most studies focusing on the
remediation of chlorinated hydrocarbons or bioremediation via aerobic bacteria (Tsitonaki
at al., 2008; Cassidy et al., 2009). A study completed by Cassidy et al. (2015) looked at
persulfates’ effect on SRB, however, they were mainly looking at the recovery of
naphthalene degraders, not BTEX degraders, which is the focus of this study.
The effectiveness of the secondary trait of the oxidant, the production of sulfate, is
not as well understood (Sutton et al., 2010). Thus, completing an analysis of a PHCdegrading SRB community throughout persulfate exposure reveals important information,
such as where the SRB community increases in abundance along the remediation plume
(Shayan, 2015) and/or if some types of organisms are enhanced over others. In this study,
a SRB community analysis following a persulfate treatment will help elucidate whether the
sulfate, produced during the activation of persulfate, aids in the development of a longterm bioremediation polishing step. The subsequent SRB-based bioremediation step
following ISCO is described as ‘long-term’ because SRB are still slow biodegraders in
general. Enhancement via sulfate may alleviate some of this delay in the polishing of a
PHC contaminated site via SRB bioremediation (Cassidy et al., 2015). The time of
subsequent bioremediation will depend mainly on the mass removal potential of the ISCO
treatment applied.
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Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

Since persulfate is a strong oxidant there is the potential for detrimental effects on
the microbial community as well. Identifying community structure changes will help
establish the severity of the negative effects on the community. It might be predicted that
there will be a reduction in the overall abundances within the microbial community but
portions of the community, namely SRB, should recover with biostimulation by electron
acceptor (sulfate) generation, especially in a field setting where re-inoculation can occur
from up-gradient portions of the aquifer (Sutton et al., 2010).
With respect to the bioremediation processes involved with PHC contaminated
ground aquifers, previous tests have been done to determine which types of bacteria are
present and prospering in contaminated aquifers and surrounding sediments (Barker et al.,
1987; Dojka et al., 1998; Staats et al., 2011). As mentioned, the field site used in this
research project, CFB Borden, has previously had its soil microbial community analyzed
by Butler et al. during the 1990s (Butler et al., 1997). However, indigenous SRBs were
found to be rare/unculturable at C.F.B Borden in their study.

Background sulfate

concentrations are shown to be typically high at the Borden test site and it is suspected that
there are sulfate-reducing conditions in anoxic areas of the groundwater aquifer (Acton &
Barker, 1992). An earlier petroleum hydrocarbon bioremediation study done by Acton and
Barker (1992) at Base Borden showed that toluene biodegradation occurred in aerobic and
anaerobic areas of the Borden aquifer (Barker et al., 1987; Acton & Barker, 1992). At the
time, they were not able to distinctly determine whether sulfate-reduction was occurring
and if it was SRB activity responsible for toluene biodegradation. The results seem to
indicate that other methods of bioremediation and potentially abiotic sorption were
17
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responsible for the remediation/natural attenuation of toluene in this case (Acton & Barker,
1992). However, it was noted that background sulfate concentrations (200-300 mg L

~1

)

were considerably high. Since sulfate concentrations were so high during Acton and
Barker’s study, it is possible that the sulfate reduction, required for biodegrading the PHCs
present in the aquifer, was too minute to be detected or the sulfate reduction was masked
by the overall background sulfate concentration (Acton & Barker, 1992). In order to truly
distinguish the presence and function of SRBs at Borden, further analysis needs to be
completed. In this study, core material from the Borden aquifer was extracted in an attempt
to develop bioreactors with sulfate-reducing bacteria that are indigenous to groundwater
sediments. Once established, persulfate exposure tests will be applied.
1.6 Summary and Study Description
Recently, there has been an increased effort to promote the efficiency and cost
effectiveness of remediating contaminated sites. In doing so, research effort has been
invested in the examination of a combination of ISCO and in situ microbial bioremediation.
The approach would be to use an oxidant for mass removal of the contaminant initially and
then promote the growth of organisms capable of biodegradation/mineralization of the
contaminant (to CO2 and H2O) during a final ‘scrubbing’ phase of the site (Beller et al.,
1992; Sutton et al., 2010; Petri et al., 2011). As mentioned for this particular research
project, microbiological aspects of a persulfate-mediated ISCO/ISB treatment train system
are examined. The theory behind the treatment train application can be seen in the
following illustration:
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Figure 1.1: Schematic illustration of a persulfate/ISB treatment train reproduced from
(Shayan, 2015) with permission from Dr. Shayan.

The particular oxidant proposed in this project is persulfate. As mentioned, persulfate is a
strong oxidant. It can be implemented in both an ‘active’ and ‘non-active’ state in solution.
Unactivated persulfate takes longer to react with contaminants in the environment.
However, this form is useful as it can be delivered to contaminated areas that may be far
from the injection point (Sutton et al., 2010). Unactivated persulfate becomes activated
through interactions with substrates in the subsurface, such as NOM (Sutton et al., 2010;
Petri et al., 2011). The forms of activation vary and include strategies such as metal
activation, peroxide activation, heat activation and alkaline activation. All of these
strategies vary in their effectiveness to treat a contaminated site, as well as their effects on
subsequent biorememdiation. For example, with respect to alkaline-activated persulfate
treatments, the high alkaline environments (11-13 pH) required can change/disrupt a
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microbial community as well (not only the strong oxidant) (Padan et al., 2005; Baker et
al., 1982).
It can be concluded that biphasic ISCO/bioremediation treatment is a feasible
remediation method of PHCs. However, to further optimize ‘treatment trains’, further
exploration into the effects of different oxidants, with their different forms of activation,
on a residing microbial community, responsible for the final degradation processes of a
site, is needed.
The study presented uses a combination of culture-based and molecular-based
techniques to monitor changes in an anaerobic community from a freshwater aquifer. This
was done by generating anoxic bioreactors that contain microbial communities from cores
that were extracted from the Borden aquifer. Successful development and inoculation of
indigenous microbes took place that had BTEX biodegration capabilities. BTEX exposure
(3-4 ppm total) followed by a 24-hour, 20g/L injection of unactivated and alkalineactivated persulfate (pH 12) took place. The recovery phase was monitored for 2-months
post-oxidation. As revealed by DGGE, the recovery of a novel, SRB-dominated, anaerobic
microbial community took place within 4-weeks of treatment. The community that
recovered had increased numbers of SRB, as shown by qPCR and the MPN method for
sulfate-reducers, in comparison to the pre-oxidation community.
1.7 Research Needs:
It is known that sulfate-reducing bacteria have the capacity to be integral in
remediating brownfield sites (Acton & Barker, 1992; Noh et al., 2003; Sutton et al., 2010;
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Cassidy et al., 2015; Shayan, 2015). Little is known about how the SRB community
changes on a functional and structural level throughout bioremediation in either the short
or long term (Pelz et al., 2001). With that in mind, the proposed research will provide
important information on how to implement PHC remediation trains that involve the use
of microbial communities, in particular sulfate-reducing bacteria.
Further exploration into the microbial ecology of SRBs involved in PHC
remediation trains is needed. The overall change in function and structure of sulfatereducing communities, with respect to biogeochemical processes, following a persulfatemediated ISCO treatment is relatively unknown. Discovering aspects about the changes in
an indigenous bacterial community profile, with respect to diversity and richness, is
essential as well in order to determine if a significant microbial rebound can occur (for
essential processes such as nutrient cycling, as well as PHC biodegration). Knowledge of
the fluctuations in the anaerobic microbial community will provide integral information in
the development and maintenance of PHC treatment systems following ISCO treatment. It
will provide insight into the manner in which indigenous microbial communities recover
following remediation treatments and the communities’ biodegradation potential after
exposure to the strong oxidant persulfate. Results from this research will also help increase
the overall efficacy and cost effectiveness of ISCO/SRB-related remediation projects
world-wide. It is proposed that the generation of a treatment train through the coupling of
ISCO via persulfate and intrinsic SRB bioremediation will produce enhanced, long-term
sulfate-reducing biodegradation of PHC by SRBs in contaminated groundwater plumes.
Initial exposure to persulfate will have detrimental effects on the microbial community
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(Richardson et al. 2011; Sutton et al., 2014; Cassidy et al., 2015). However, as previous
studies have noted, the biodegrading potential of the microbial community is anticipated
to rebound as they become acclimatized and/or as conditions return to their representative
indigenous profile (Cassidy et al., 2015; Shayan, 2015).
Overall, it is widely considered that an ISCO/ISB treatment train approach can be
an effective method for remediating PHC contaminated sediment and groundwater
aquifers. The hypothesis is that persulfate will have an initial negative impact on the
general microbial community, including the SRB population, but the community will
rebound after persulfate exposure and the environment will continue to support PHC
biodegrading SRB activity for subsequent long-term bioremediation. Furthermore, the
sulfate production from the persulfate-PHC reaction should support and even enhance the
SRB community.
1.8 Research Objectives
The overarching goal of this research is to analyze and profile a sulfate-reducing
community from a remediation test site in Borden, ON and determine if the community
can recover following a 20g/L unactivated and alkaline-activated persulfate treatment. This
goal will be achieved using a bench-scale remediation system designed in cooperation with
environmental engineers and scientists from the University of Waterloo. The primary
objectives of this research are to:
•

Objective 1: Assess the presence/location of sulfate-reducing communities at a
field-site in CFB Borden, ON
22
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•

Objective 2: Develop bioreactors that contain an active SRB community
•

•

assess PHC biodegradation capabilities

Objective 3: Observe the effects of unactivated and alkaline-activated persulfate
exposures on SRBs and their supporting microbial communities
•

monitor/assess any changes in SRB community structure and function as
well as BTEX biodegradation capabilities post-treatment
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Chapter 2. Experimental Approach and Methodologies
To monitor the effects of different ISCO treatments on indigenous anaerobic
microbial communities, both a culture- and molecular-based approach was used. Also, the
design, construction, and development of sets of bioreactors, in triplicate, took place to
complete the types of analysis outlined in the experimental plan. Specific sampling
procedures for the bench-scale and field-scale approach are also outlined.
2.1 Column Design and Development
A total of twelve bioreactors were used for this study. There were four sets of triplicates
designated for three treatments and a control that address the primary objectives of the
experimental design:


3x unactivated persulfate/ISB Bioreactors; referred to as UP1, UP2, and UP3



3x alkaline activated persulfate/ISB Bioreactors; referred to as AP1, AP2, and AP3



3x alkaline-only exposure/ISB Bioreactors; pseudo-control; referred to as AO1,
AO2, and AO3



3x ISB-only (control) Bioreactors: referred to as Con1, Con2, and Con3

Each set of column experiments will have the same column dimensions with an
injection port at the bottom and effluent port at the top in triplicate for each treatment. An
illustration of the final set-up can be found in the Appendix section (Figure A1), however,
a schematic of the initial design is provided as follows:
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Sample Effluent

22 cm
in length

Injection of anoxic
Borden/simulated
groundwater

3 inches in
diameter

Figure 2.1: A general schematic of the bioreactor design for the different treatments.
There were four sets of triplicates with this general design. The dimensions shown
provide a 1L capacity with a pore volume of ~ 300mL.
The bioreactors were packed with core material from the Borden aquifer where
SRB activity was detected in groundwater (GW) samples. Cores and groundwater were
extracted from 7-11 feet deep (down to the aquitard) into the aquifer to provide anoxic
material and a source of inoculation (of indigenous anaerobic bacteria, notably SRB) for
the bioreactors. The core material was cut into small sections (~ 2 foot sections so they
could be taken into an anaerobic chamber before opening to limit oxygen exposure),
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marked with their respective extraction depth and capped off once extracted. Prior to
extracting cores from the aquifer, groundwater samples were taken for analysis. Colonyconfirmation PCR on the dsrAB gene for the dissimilatory sulfite reductase enzyme was
completed (Figure 3.1 in Results section) to ensure that the core material taken contained
sulfate-reducing microbial community. Core extraction took place with the assistance of
Bob Ingleton and Paul Johnson from the University of Waterloo (Earth Sciences; Waterloo,
ON, Canada) using a Geoprobe® extraction rig. Once extracted, the core material was
taken back to the lab and mixed thoroughly in the anaerobic chamber to ensure a
homogenous blend before being packed into the columns. Groundwater (including
experimental components such as BTEX and persulfate) was injected using peristaltic
pumps, at the lowest reliable flow rate (~0.2 mL/min), into each column using separate
reservoirs for each triplicate set of columns. Once packed and running, samples were
extracted from the effluent of the columns to ensure the successful inoculation/enumeration
of a sulfate-reducing, anaerobic microbial community (Figure 3.2 in Results section).
Borden GW was initially used as the injection solution during bioreactor
development for further inoculation/acclimation of the anaerobic microbial community.
Due to restrictions of the season (winter), injection solutions were switched to ‘simulated’
GW. The simulated GW was prepared by adding background levels of sulfate and
carbonate (~130 mg/L and ~90 mg/L, respectively). The water was then purged with CO2
to lower the pH in order to dissolve the carbonate. This was followed by a nitrogen-purging
step to raise the pH of the water and to ensure the DO of the water was low (≤ 1 mg/L).
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Once purged, the GW was transferred into 5L tedlar bags (Sigma-Aldrich®) which served
as the reservoirs for the experiment.
During the treatment phase, 20g/L sodium persulfate (unactivated and alkalineactivated) solutions as well as a high alkaline solution (pH 12) were injected into the
columns for a 24-hour period with an increased flow rate to ensure the passage of three
pore volumes. The control replicates remained the same, with simulated GW containing 34 mg/L BTEX, during this stage. Three pore volumes were flushed through the reactors to
ensure the activation of the oxidant and exposure of the oxidant to the microbial
communities contained within the bioreactors. Following the 24-hour treatment phase, the
solutions and injections were restored to pre-oxidation conditions. The bioreactors were
then monitored for a 2-month ‘recovery’ period to observe if a microbial community could
return/recover and if that community was novel or shared a similar structure to the preoxidation community. Monitoring was completed by analyzing the effluent of the
bioreactors using a combination of chemical and microbiological techniques, which are
described in the following sections of methodologies.
2.2 Culture-Based Methods
Culture-based analysis began immediately prior to the treatment phase of the
experiment. One set of pre-oxidation samples and subsequently four sets of post-oxidation
samples were analyzed throughout this study. A reduced amount of culture-based sampling
took place in comparison to genetic-based sampling events due to space restrictions within
the Bactron II anaerobic chamber (Sheldon Manufacturing, Inc). Incubation times for
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anaerobes are typically long, as they are known to be slow growers, and therefore turnover
times for conducting culture-based sample analysis can be delayed (Rockne et al., 2000).
2.2.1 SRB Enumeration Medium and the Most Probable Number Method for Sulfatereducers:

A modified Baar’s medium for sulfate-reducers (ATCC medium 1249) recipe was
used to isolate and enumerate SRB from water and core soil samples (Tanner, 1989; Atlas,
2005; Butler et al., 1997). The medium contained lactate, a preferable carbon source for
SRB growth, and was stored in an anaerobic environment (90% N2, 5% CO2, 5% H2)
(Acton & Barker, 1992). As a growth indicator, the medium turns a black colour if SRB
are present. The colour generation is due to the reaction of ferrous salts with hydrogen
sulfide, produced during sulfate reduction, generating a black precipitate known as iron
sulfide. Bacterial growth in this medium was used as an indicator of viable SRB at the
field site in Borden as well as in the bioreactors following inoculation and treatment.
Although Baar’s medium is a general SRB enumeration media, it should be noted
that not all SRB species may be cultivated/captured, as a large amount of environmental
isolates are viable but non-culturable (VBNC) in a lab setting. It has been speculated that
less than 1% of water and soil bacteria can be cultured ex situ (Barcina & Arana, 2009).
However, as mentioned, culture-based methods are still highly complementary to geneticbased analysis as the combination provides extended insight into phenotypic and genotypic
characterization/traits.
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In order to monitor changes in the viable portion of SRB in the bioreactors during
the treatment phase, the three-tube Most Probable Number Analysis for Sulfate-reducers
was implemented using the Baar’s medium (Britton & Greeson, 1987). Baar’s medium
was inoculated in triplicate and in dilution series (10010-6), with samples from pre- and
post-oxidation bioreactor effluent. Room temperature was used for incubation, which took
place for 28 days. Tubes showing a development in black, iron sulfide deposits were
considered positive and their respective dilutions were recorded. The dilutions displaying
positive results for SRB growth were then compared to a MPN table which dictated an
estimated number of bacterial cells per milliliter (MPN/mL) (Britton & Greeson, 1987).
This method allowed for the effects of the persulfate treatments, on the viable/culturable
SRB portions, to be illustrated.
2.2.2 Monitoring Fluctuations in the Anaerobic Supporting Microbial Community using a
Spread Plating Technique: Colony-Forming Units per Milliliter (CFU/mL) on R2A
In an attempt to capture the effect of the persulfate treatments and alkalinity
exposure on the anaerobic viable microbial population, a spread plating and subsequent
plate counting technique (CFU/mL) was implemented before and after the treatment phase.
The theory behind CFU/mL is that a single bacterial cell can give rise to a colony and the
colonies formed on a media plate can be counted and recorded. In essence, this technique
reveals the culturable bacterial load of a sample.
The CFU/mL method requires a sample to be inoculated into a series of dilutions
( i.e. 100  106) and the dilutions are then spread plated onto a chosen media type. In this
study, R2A, a general non-selective medium, was used as it has been documented to
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perform the best when assessing anaerobic bacterial loads, most notably at Borden
(Reasoner et al., 1985; Butler et al., 1997; Bowman et al., 2006; Rockne et al., 2000). The
calculation for CFU/mL is as follows:
CFU/mL= # of colonies X dilution factor X volume (mL) factor

(Equation 2.1)

In this study, 0.2 mL of sample was added to each plate and plating was completed in
duplicate. Plates were counted after 14 days of incubation in the anaerobic chamber at room
temperature (21-23ᴼC) (Butler et al., 1997).
2.2.3 Community-Level Physiological Profiling Analysis using BIOLOG Ecoplates:
In an attempt to provide further details on the functional aspects of objective 3,
BIOLOG MicroPlateM technology was used to monitor changes in the anaerobic
community metabolic capabilities (i.e. utilize different carbon sources). This system is
culture-based and provides a way to analyze spatial and temporal fluctuations in microbial
communities. Ecoplates were inoculated with samples, which provide a Community-Level
Physiological Profile (CLPP) (Christian, 2007). Ecoplates are comprised of 31 different
carbon sources and a blank, all of which are present in triplicate (see Appendix Figure A2).
In order to measure metabolic activity, a tetrazolium dye is used which develops a purple
colour in correlation with the rate of cellular respiration, and inherently, substrate
utilization. CLPP analysis was developed by Mills and Garland in 1991 and has established
itself as an effective method to determine carbon source utilization profiles (CSUP). This
method is typically used with aerobic microbial communities due to the difficulties in
inoculating and reading plates inoculated with anaerobic bacterial communities. However,
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recent studies suggest that it could potentially be better applied to anaerobic conditions
with specific precautions taken, such as incubating plates in impermeable, transparent
microplate bags (Christian, 2007; Borglin et al., 2009). Although the precautions taken in
these studies were implemented, an unforeseen difficulty was eventually discovered which
hindered the further use of this technique in this study. Unfortunately, abiotic reduction
(false positives) of tetrazolium dye can occur (within minutes of inoculation) in the
presence of a select few compounds including H2S, which was in high concentrations in
the bioreactor effluent throughout the experiment (refer to Appendix Figure A3)
(Bhupathiraju et al., 1999). Although this technique would have yielded a great source of
complementary data, the method had to be abandoned. Further investigation into using
CLPP with anaerobic microbial communities is a necessity in order for this technique to
be incorporated into studies such as the one presented in this thesis.
2.3 Molecular-based Methods
Polymerase chain reaction (PCR) confirmation, real-time or quantitative
polymerase chain reaction (qPCR), and denaturing gradient gel electrophoresis (DGGE)
was used to help satisfy the community structure aspects of objectives 2 and 3. In order to
complete these methods, DNA was extracted from samples and isolates using the MO BIO
Powersoil DNA Isolation Kit. Once extracted from the samples, the DNA is stored in a
freezer at -20°C for future use.
DNA extraction from control strains was completed for use in DGGE ladders and
for the creation of the standard curve for dsrB-based quantitative polymerase chain
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reaction. The organisms were first grown in 5-10 mL of their respective growth mediums
to late-exponential growth phase and then the broth tubes underwent a 13,000 xg
centrifugation for 10 minutes with a 5702 Centrifuge (Eppendorf®). Following
centrifugation, the supernatant was expelled. The remaining pellet was then resuspended
in Powerbead tube buffer, used for the DNA extraction protocol, and the solution was
decanted into the Powerbead tubes for completion of the DNA extraction protocol. Once
the DNA was extracted, its concentration was taken spectrophotometrically using a
Biodrop Duo (Montreal Biotech Inc., Montreal, QC, Canada). The purity of the DNA was
collected (A260/A280) as well as the quantity at 260 nm.
Molecular techniques are a necessity in the study of environmental bacterial
samples due to the inability to cultivate a significant amount of environmental bacteria in
vitro. Exact conditions for growth can be difficult to establish and, therefore, molecular
techniques are required to establish a true community profile. It should be mentioned that
it is difficult to determine what is metabolically active with molecular techniques and that
is why it is important to study both phenotypic community aspects (culture-based analysis)
and genotypic profiles (molecular-based analysis) (Bochner, 2003).
2.3.1 Colony Polymerase Chain Reaction Confirmation
Polymerase chain reaction confirmation analysis was used initially to determine the
presence of SRB species within the samples obtained from Borden and from the column
tests in lab. For all polymerase chain reactions, the Bio-Rad iCycler IQ was used. Two
universal SRB primer sets (DSR1F and DSR4R/DSRpF2060 and DSR4R) were also used.
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Both primer sets select for a highly conserved, ubiquitous enzyme within SRB phylogeny,
dissimilatory sulfite reductase (DSR). The gene is known as dsrAB. DSR1F and DSR4R
primer set selects for the entire ~1.9 kb gene whereas the DSRpF2060 and DSR4R primer
set selects a more specific part of the gene that encodes the dsrB sub-unit of the enzyme.
The running parameters and materials for this procedure are outlined in Giloteaux et al.
(2010) for DSR1F and DSR4R and Geets et al. (2006) for DSRpF2060 and DSR4R. The
Geets et al. (2006) protocol is described below under qPCR. The Giloteaux protocol uses
1x PCR buffer, 0.2 mM of each deoxynucleoside triphosphate (dNTPs), 1.5 mM MgCl 2,
0.2 µM each primer, 2.5 U of Go-Taq Flexi DNA polymerase (Promega), and 5 µL DNA
template. The thermal cycling was as follows: initial denaturation step of 94ᴼC for 5 min,
followed by 35 cycles of denaturation at 94ᴼC for 45 secs, annealing at 55ᴼC for 45 secs,
elongation at 72ᴼC for 1:30 min followed by a final elongation step at 72ᴼC for 10 mins.
In addition to these protocols, it has been noted in a study completed by Wagner et al.
(1998) that bovine serum albumin (BSA) may also be an important additive to the PCR
master-mix to prevent unwanted enzyme binding and/or to increase enzyme stability
throughout each cycle of the protocol. A colony PCR was also performed to see if
methanogens were present in the samples using a protocol developed by Steinberg et al.
(2008). However, no band appeared on the agarose gel and without a pure strain (due to
limited growth restrictions; requires a different atmospheric conditions (100% CO2) than
what was present in the anaerobic chamber), a successful PCR run could not be confirmed.
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Following each protocol, PCR product was run on a 1.8% agarose gel, with a 100
bp ladder, at 100 mV for ~45 mins. Following the run time, the gels were stained in
ethidium bromide and imaged to determine that the correct amplicon was acquired.
2.3.2 Real-time Quantitative Polymerase Chain Reaction
The use of qPCR provided a highly sensitive approach for the amplification of
genes of interest (e.g. dsrB gene fragments). As such, this technique can help determine
the presence and abundance of SRBs in environmental samples (Santegoeds et al., 1998;
Kondo et al., 2004; Beller et al., 2008). Since qPCR allows for the detection of a bacterial
group (e.g. species) based on a specific gene, this technique will also aid in satisfying
objective 1. A limitation to qPCR is that it can portray an overestimation of viable gene
copies in a sample as the technique amplifies all target sequences, even if the sequence
does not come from viable cells (Taskin et al., 2011).
More specifically, as the process goes through amplification cycles, concentrations
of the amplicon rise, which proportionally increases the amount of fluorescence produced.
During the exponential growth phase, fluorescence is detected and analyzed by the qPCR
apparatus to distinguish the amount of gene expression that was present within the sample.
To determine relative gene expression in the original sample, the amplicons are referenced
to a standard dilution curve of 100-10-7 to reveal the gene copy numbers in each reaction
well. Results are depicted as a ‘cycle number versus the fluorescence generated’ graph
(refer to Figure 2.1). The plot also has a fluorescence threshold above the background
levels during the amplification cycle`s linear phase. The starting concentrations of the
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template DNA in each sample is known as the cycle threshold (Ct). Ct is reached when the
detected fluorescence exceeds the determined threshold value. A melt curve was also run
initially to ensure no non-specific binding was occurring with the primers selected.
The reaction that occurs is similar to that of the standard PCR previously described.
The exception is that fluorescent probes/dyes are integrated into the technique so that only
the template DNA that contains the gene of interest sequence is detected. For this particular
study, the SsoFast EvaGreen Supermix protocol from Biorad® was implemented. This
protocol used a dye (very similar to SYBR Green) that binds to the dsDNA that is amplified
during qPCR. Once bound to the dsDNA, the dye fluoresces and produces a signal
corresponding to the quantity of target sequence present in each sample; which can be read
and quantified via the iQCycler optical system software version 3.1. The protocol used a
final reaction volume of 20 µL; 0.4 µM of each primer, 10 µL of EvaGreen Supermix, 1
µL template and the remaining volume was Milli-Q (Millipore) water. The thermal cycling
protocol was modified from Geets et al. (2006) with the addition of an enzyme activation
step (98ᴼC for 2 mins) and the removal of the final elongation step. The previously
mentioned SRB primers for PCR confirmation, DSRpF2060 and DSR4R, were used with
this protocol as this primer set showed promising/consistent results with the qPCR standard
curve that was developed as seen in Figure 2.2:
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Figure 2.2: qPCR results illustrating the relationship between gene copy
numbers/reaction (or DNA amount) and cycle threshold (Ct). D. meridiei genomic
DNA was serially diluted over 6 orders of magnitude and subjected to SsoFast
EvaGreen real-time PCR to generate a standard curve for sample comparison.
A melt curve was run between 65-95ᴼC to ensure non-specific binding of the
primers was not occurring. Once the standard curve was run and the quantity of DNA was
known with respect to D. meridiei genomic DNA that was extracted, the following equation
was used to calculate gene copies/reaction:
Gene copies/reaction:

Where:





6.02 x 1023 x [DNA] g/µL x 1 µL
(size genome in bp)(660 g/mol)(# of copies in genome)
(Ritalahti et al. 2006; Equation 2.2)

6.02 x 1023 is Avogadro’s number
[DNA] is the concentration of DNA isolated from pure strain
1 µL is the template added to each real-time PCR reaction
660 g/mol is the single base pair weight (in mol) of double-stranded DNA
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Following the creation of the standard curve, samples were run against it to
determine gene copies in the unknown samples. A qPCR protocol developed by Beller et
al. (2008) was also performed on a gene sequence, bssA, which is specific to SRB. bssA
encodes for the enzyme benzyl-succinate synthase (BSS), which is involved in the
anaerobic degradation of toluene and xylene. Unfortunately, when the protocol was run
with the samples from the bioreactors there were multiple peaks in the melt curve analysis.
This indicated that the PCR reaction had primer dimer formation and/or unspecific binding
of the primers to non-target DNA sequences. The need for a higher purity primer set or
changes to the protocol, as thermal cycling can have slight variations between instruments
used, may help alleviate this problem. An example of the melt curve analysis and
amplification cycle of bioreactor 2 is provided in the Appendix section (Figure A4).

37

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

Table 2.1: The target genes and primers explored in this study for colony PCR and
qPCR
Target
Gene

Primers

5'-3' sequence

Amplicon Reference
size (bp)

dsrAB

DSR1F

AC[C/G]CACTGGAAGCACG

~1.9 kb

(PCR)

DSR4R

GTGTAGCAGTTACCGCA

Wagner et
al., 1998

~350 bp

Geets et
al.,2006

~97 bp

Beller et
al., 2008

dsrB DSRp2060F CAACATCGTYCAYACCCAGGG
(qPCR)
DSR4R
GTGTAGCAGTTACCGCA
bssA

SRBF

(qPCR) SRBR

GTSCCCATGATGCGCAGC
CGACATTGAACTGCACGTGRT
CG

2.3.3 Denaturing Gradient Gel Electrophoresis (DGGE)
DGGE is a molecular fingerprinting technique that enables an individual to
determine the integrity of or changes in a microbial community’s structure by analyzing
gene fragments (Muyzer et al., 1993; Santegoeds et al., 1998; Devereux et al., 1997). This
method can reveal an abundance of information with respect to objective 3 by identifying
fluctuations in the microbial community structure within the bioreactors; genetic diversity
and richness of the general microbial community and sulfate-reducing bacteria being
among the most important aspects that was better elucidated.
Both an SRB-based and universal-based DGGE analysis was completed using
DGGE. Extracted DNA from bioreactor effluent samples was amplified using the SRB
primers previously described (DSRpF2060 and DSR4R). It was also of interest to complete
an analysis using the universal primers (e.g. 357F-GC and 518-R) to see the effect of
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persulfate on the entire community throughout the remediation process. A constructed
DGGE ladder was a requirement for this procedure in order to have a reference for the
different fragments of the PCR products and for normalization of a gel. The ladder created
consisted of the following eleven organisms: Flavobacterium spp. (ATCC® 51823),
Aeromonas hydrophilia (ATCC® 49140), Bacillus cereus (Ward’s Science Plus),
Alcaligenes faecalis (ATCC® 33950), Bacillus megaterium (ATCC® 10778),
Pseudomonas aeruginosa (Ward’s Science Plus), Streptomyces griseus (ATCC® 10137),
Nitrosomonas europaea (ATCC® 25978), Pseudomonas chlororaphis (ATCC® 13985),
Desulfotomaculum nigrificans (ATCC® 19998), and Clostridium perfringens (NCTC®
8237). The SRB-based DGGE had the addition of two extra SRB species in the ladder:
Desulfovibrio vulgaris (ATCC® 29579) and Desulfosporoinus meridiei (ATCC® BAA275).
Prior to running the gels, sample DNA was amplified using universal and SRB
degenerate primers for universal DGGE and SRB-based DGGE, respectively. Universal
DGGE used 50 µL reactions whereas SRB DGGE used 100 µL reactions. Universal DGGE
required primer 357f (5’-CCTACGGGAGGCAGCAG-3), which has a GC-clamp attached
to the 5’ end, and 518r (5’-ATTACCGCGGCTGCTGG-

3’) (Sigma Aldrich; Oakville,

ON, Canada) whereas SRB-based DGGE uses the dsrB primers described in Table 2.1, but
with the addition of a GC-clamp as well. The universal primer set anneals to the V3 region
of 16S rDNA in bacterial genomes (Ogino et al., 2001). The PCR reaction contained 1 x
Go-TaqTM Flexi buffer, 1.5 µM MgCl, 0.5 µM of forward and reverse primers, 200 µM
dNTPs, 1.5 U Go-TaqTM flexi and 21.3 µL of Milli-Q (Millipore) water. 5 µL of template
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(sample DNA) was used in each reaction. A touchdown PCR was used to meet the
conditions suggested by Muyzer et al. (1993). For the PCR protocol there was an initial
denaturation step of 94ᴼC for 5 mins, then 20 cycles of 94ᴼC, 65ᴼC, and 72ᴼC for 1 min.
This was followed by a decreasing annealing temperature (every 2 cycles) starting at 65ᴼC
and declining by 1ᴼC to 56ᴼC by the 20th cycle. The touchdown protocol was completed
by 10 cycles of 94ᴼC, 55ᴼC, and 72ᴼC for 1 min each. A final extension step was included
for 7 min at 72ᴼC. PCR products were then run on a 1.8% agarose gel and stained with
ethidium bromide to ensure the proper gene segment was amplified. Once confirmed, the
final PCR product(s) was then used for DGGE analysis.
With respect to the SRB-based DGGE protocol, a procedure developed by Geets et
al. (2006) was followed with slight modifications to the annealing temperature. PCR
reactions contained a total volume of 100 µL. Each PCR mixture contained 1 µL template,
20 µL reaction buffer, 100 µM of dNTPs, 2.5 U of Go-Taq Flexi DNA polymerase and 1
µM of each primer. The cycling protocol was as follows: an initial denaturation step of
94ᴼC for 4 min, followed by 40 cycles of denaturation at 94ᴼC for 1 min, annealing at
53.8ᴼC for 1 min, elongation at 72ᴼC for 1 min followed by a final elongation step at 72ᴼC
for 10 mins. PCR products were then run on a 1.8% agarose gel and stained with ethidium
bromide to confirm proper amplicon size.
DGGE provided a molecular fingerprint approach that revealed denaturing profiles
of same-sized DNA fragments (PCR products). These profiles are based on the separation
of those fragments on a polyacrylamide gel due to differences in nucleic acid (more
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specifically G+C content) composition. The DNA is drawn through the gel via linear
electrophoresis. The separation occurs as the PCR product moves through a gel that has an
increasing concentration of chemical denaturant, urea/formamide. Once the DNA fragment
has reached its threshold denaturant concentration on the gel, the DNA unwinds and halts
its movement through the gel. Once running time is complete, the gel is stained with SYBR
gold stain and imaged using a transilluminator. Imaging reveals banding pattern profiles of
the microbial community. Each band is representative of a particular microbial
population/OTU within an environmental sample. OTUs are described in more detail in the
introduction section. The banding profiles can be compared, typically within the same gel
for consistency, to determine any dynamic changes within the microbial community over
time and space. As a result, this technique can be very useful in determining changes in a
microbial community throughout a remediation process that uses a strong oxidant such as
persulfate.
Once the PCR products and ladder were loaded onto the denaturing gel, the protocol
was run using a CBS apparatus system in accordance with the procedure outlined in Green
et al. (2009). The denaturing gels can contain different gradients depending on the size of
fragment being run. Universal and SRB DGGE both used 8% acrylamide gels, however,
universal DGGE required a 40-65% denaturing gradient which was run for 17 hours
whereas SRB-based DGGE call for a 40-70% denaturing gradient and a 14 hour run time.
Once the gels were stained for 1-2 hours in SYBR Gold and imaged, the banding pattern
profiles were analyzed using a GelCompar II software system.
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A band excision technique was also completed in an attempt to reveal the
phylogeny of dominant operational taxonomic units (OTU) present in samples pre- and
post-oxidation. OTUs are typically groups of genera/species or closely related groups of
bacteria that are represented as bands on a DGGE gel (Wayne et al., 1987; Bowman et al.,
2006; Flynn et al., 2013). Bands were excised from gels using a UV ‘Mighty Bright’ Table
(Hoefer Scientific Instruments, Inc.). Following excision, the excised bands were purified
using a gel extraction clean-up kit (Omega bio-tech) and re-amplified to ensure a good
product yield. The PCR products were then sent to the University of Guelph for
sequencing. Unfortunately, the results came back containing mixed/contaminated sequence
and, therefore, could not be compared to gene banks to determine homologies (refer to
Appendix Figure A5). The next step would be to re-run DGGE gels following the reamplification of excised bands, excise the band again and repeat multiple times to ensure
pure product isolation before sending for sequencing (Priha, 2013).
2.4 Chemical Analyses
Sulfate, methane, hydrogen sulfide, ORP, pH and BTEX were the main
physicochemical properties examined throughout the central phase of the experiment
(treatment phase). For sulfate analysis a 2.0 mL sample was removed and added to a plastic
5mL Dionex IC autosampler vial. The sample was then positioned on a Dionex AS-40
autosampler. 25 µL of sample was then injected onto a Dionex ICS-2000 Ion
Chromatograph which was equipped with an Ion-Eluent Generator and conductivity
detector. A Dionex IonPac AS18 column (4x250mm) was used. The mobile phase used
was 30mM KOH (flow rate: 1.0 mL/min). The chromatograph was acquired using Dionex
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Chromeleon 6.5 software (Institute for Groundwater Research, University of Waterloo,
ON, Canada). The detection limit was 0.5 (mg/L). Lactate concentrations were also
acquired via this protocol.
With respect to the methane analysis protocol, provided by Institute for
Groundwater Research, University of Waterloo, ON, Canada, the following steps were
taken: a headspace was created in the aqueous samples with a ratio of 2.5 mL headspace to
2.5 mL aqueous sample. Samples were then positioned on a shaker for 15 mins, allowing
equilibration between gas and water phases. For the analysis, a 250 µL sample was injected
onto a Hewlett Packard 5790 gas chromatograph (GC) equipped with a flame ionization
detector (FID) using an GS-Q plot capillary column. The GC had an initial temperature of
60ᴼC, which was held for 3 mins; the temperature was then increased at a rate of 15ᴼC/min
reaching a final temperature of 120ᴼC and then was maintained at 125ᴼC for 10 mins. The
detector was set for 280ᴼC and the injector temperature was 200ᴼC. The carrier gas was
ultra pure N2 (purity: 5.0) with a flow rate of 20 mL/min. The detection limit for methane
was 0.9 µg/L.
H2S analysis was completed using the Hach methylene blue method (method 8131)
for dissolved H2S. A spectrophotometer was used for the analysis. The detection limit for
this method were 5-800 µg/L. If the sample concentrations were higher than 800 µg/L,
dilutions to samples were done. With respect to pH and ORP, a pH/conditioning probe was
used for the measurements in the effluent samples (OrionTM, Thermo Scientific).
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For the analysis of BTEX, samples were extracted using methylene Chloride
(DCM) from water at a 2mL to 20mL DCM:Water ratio. Samples were then placed on a
rotary shaker for 15 mins to allow equilibration between the organic phase and water phase.
For analysis a 1µL sample is then injected onto a Hewlett Packard 7890 series II gas
chromatograph (GC) equipped with a FID detector the uses a J&W DB-5MS column.
(30mm x 0.30mm). The GC had an initial temperature of 50ᴼC, with a temperature program
of 15ᴼC/min reaching a final temperature of 150ᴼC. This was then held at 150ᴼC for 7
mins. The detector is set for 300ᴼC and the injector temperature is 220ᴼC. The carrier gas
was ultra pure helium with a flow rate of 7 mL/min.
The culture-based, molecular-based and chemical analysis techniques used for the
bench-scale analysis helped provide a more complete examination of the SRB community
and the manner in which the community was altered in response to the oxidant exposure.
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Chapter 3: Results
3.1 The Creation and Development of Anaerobic Bioreactors
In order to test the effects of unactivated and alkaline-activated persulfate on
indigenous anaerobic bacteria from subsurface sediments, a bench-scale setup using 1L
bioreactors was developed to simulate what could occur in the field. To produce
comparable results between the lab- and field-scale settings, core material was extracted
from a freshwater aquifer as a source of indigenous organisms for inoculation of the
bioreactors. The following section includes results from the pre-contaminant injection
(development) phase of the bioreactors. The ‘history’ section presented is less intensively
analyzed than the treatment portion of the experiment that follows this section. The
treatment phase represents the overarching objective of this thesis: the impact of
unactivated/alkaline-activated persulfate treatments on an indigenous sulfate-reducing
bacterial community.
3.1.1Colony-Polymerase Chain Reaction for SRB confirmation at Borden and in the
Bioreactors

The following gel illustrates a colony PCR that was completed to reveal where SRB
may be prevalent within areas of the Borden aquifer. A 1.9 kbp segment of DNA that
encodes for the dissimilatory sulfite reductase gene was detected within various areas of
the aquifer as depicted in Figure 3.1 below. Areas showing the densest bands were chosen
as locations for core extraction. Density of bands does not entirely dictate abundance of
viable SRB, as dead cells are included, but can provide suggestive evidence for the
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potential of their presence. The primers used do have a partial affinity for binding to the
alpha- and beta-subunits of the enzyme and that is the reasoning for the appearance of
smaller gene fragments in some samples.

Figure 3.1: Colony-PCR confirmation for ~1.9kb dsrAB gene from the aquifer at
Borden. In both rows of lanes, lane 1 contains a 100bp ladder, lanes 2-11 are samples
taken from various wells. PC (positive control) is a pure strain of SRB (D. nigrificans).

Following core collection, bioreactors were packed and attached to reservoirs that
pumped groundwater previously collected from the Borden site into the columns. The
following colony-PCR in Figure 3.2 illustrates the successful inoculation of indigenous
SRB into bioreactors in the bench-scale setting. The top gel illustrates the presence of SRB
in the bioreactors immediately following set-up. The bottom gel displays the continued
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presence of SRB one month following bioreactor set-up. The increased density of the ~1.9
kbp band seen in the bottom row potentially indicates an increase in the dsrAB gene one
month following bioreactor inoculation.

L
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2 3 4 5

6 7 8

9 10 11 12 PC

6

9 10 11 12 PC

1,517 b.p.1,000 b.p.500 b.p.100 b.p.-
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2

3 4

5

7

8

1,517 b.p.1,000 b.p.500 b.p.100 b.p.-

Figure 3.2: Colony-PCR confirmation for the ~1.9kb dsrAB gene in the bioreactors
(lanes 1-12) once running. Lane ‘L’ is a 100bp ladder. PC (positive control) is a pure
strain of SRB (D. nigrificans).
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3.1.2 Structural Fingerprints of Microbial Communities Prior to Treatment Phase

The following section displays the historical progression of the entire microbial
community via universal-DGGE prior to the treatment phase of the experiment. The raw
images are provided to give a visual depiction of the pattern of community fluctuation from
November 2014 (initial set-up) to July 2015 (second injection of BTEX).
Figures 3.3-3.6 display the progression of community structure for all bioreactor
triplicate sets (UP1-3, AP1-3, AO1-3, & Con1-3). Two ladders (L; not considered ‘lanes’)
were included in the left and middle lanes for comparison and normalization of the gels.
Nine samples were included on each gel to ensure that a depiction of the community
structure for each month (from November to July) was obtained in order to monitor any
changes. The bioreactors began to exhibit some consistency between samples, with respect
to banding profiles, toward the last three sampling events. An initial contaminant injection
was completed between February and March (lanes 5 and 6, respectively) which caused a
shift in the community to a structure that contained dominant OTUs with a lower G+C
content. Once contaminant injection was ceased in March, due to unsaturation
development, the community began to return to a more moderately rich G+C dominated
structure.
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C
Figure 3.3: Unactivated-Persulfate Bioreactors (UP1-3). Universally-based DGGE
analysis for the development of UP1 (A), UP2 (B), and UP3 (C) bioreactors prior to
contaminant injection in August. Lanes 1-9 represent samples taken each month from
October (2014) through June (2015). Lanes `L` represent the organismal ladder.
L 1 2 3 4

L 5 6 7 8 9

L 1 2 3 4

L 5 6 7 8 9

L 1 2 3 4 L 5 6 7 8 9

A
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C
Figure 3.4: Alkaline-activated Persulfate Bioreactors (AP1-3). Universally-based
DGGE analysis for the development of AP1 (A), AP2 (B), and AP3 (C) bioreactors
prior to contaminant injection in August. Lanes 1-9 represent samples taken each
month from October (2014) through June (2015). Lanes `L` represent the organismal
ladder.
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A
Figure 3.5: Alkaline-Only Bioreactors (AO1-3). Universally-based DGGE analysis for
the development of AO1 (A), AO2 (B), and AO3 (C) bioreactors prior to contaminant
injection in August. Lanes 1-9 represent samples taken each month from October
(2014) through June (2015). Lanes `L` represent the organismal ladder.
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C
Figure 3.6: Control Bioreactors (SRB-only). Universally-based DGGE analysis for
the development of Con1 (A), Con2 (B), and Con3 (C) bioreactors prior to
contaminant injection in August. Lanes 1-9 represent samples taken each month from
October (2014) through June (2015). Lanes `L` represent the organismal ladder.
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3.1.3 Structural Fingerprints of the Sulfate-reducing Consortia in the Bioreactors Prior
to Treatment Phase

The following section displays the historical progression of the sulfate-reducing
bacterial portion of the community via dsrB-based DGGE prior to the treatment phase of
the experiment. The raw images in Figures 3.7 and 3.8 are provided to give a visual
depiction of the community fluctuation from November 2014 (initial set-up) to July 2015
(injection of BTEX).
Unlike the universal-DGGE gels previously displayed, each SRB-based gel
represents two bioreactors. Therefore, each month is not represented. Samples from
November, December, February, March, May, and July are represented for each bioreactor.
It is difficult to discern any particular trends, most notably between lanes 4-5 and 11-12 of
each gel respectively, which contain samples prior to and after the initial contaminant
injection. Some OTUs are consistently present within the SRB community throughout the
development of each bioreactor.
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Figure 3.7: SRB-based DGGE analysis for the development of UP1-2 (A), UP3/AP1
(B), and AP2-3 (C) prior to contaminant injection in August. Lanes 1-6 (‘UP’
reactors) and 7-12 (‘AP’ reactors) represent samples from November, December,
February, March, May, and July for the respective bioreactor sets.
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Figure 3.8: SRB-based DGGE analysis for the development of AO1-2 (A), AO1/Con1
(B), and Con2-3 (C) prior to contaminant injection in August. Lanes 1-6 (‘AO’
reactors) and 7-12 (‘Con’ reactors) represent samples from November, December,
February, March, May, and July for the respective bioreactor sets.
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3.1.4 Supporting Parameters
In order to promote SRB growth and development, lactate amendment was
included. Sulfate and lactate were plotted to show the relationship between lactate
consumption and sulfate reduction. For the majority of the experiment, sulfate
concentration in the reservoirs was ~ 130 mg/L. Conversely, lactate concentration (~ 80
mg/L) in the reservoirs were kept below sulfate concentrations to ensure SRB development
over potentially competing microbes. Lactate amendment was reduced by 20 mg/L per
week over a one-month span, starting July 6th, until the complete exclusion of lactate by
mid-August, approximately one-month prior to the treatment phase. During lactate
amendment, lactate was being completely consumed while sulfate was being reduced by
up to 74%. As lactate was excluded, sulfate reduction began to decrease. By mid-August,
~10 mg/L of sulfate was consumed in the bioreactors on average without the addition of
lactate.
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Date
lactate avg. in eff.

lactate avg. in res.

sulfate avg. in eff.

sulfate avg. in res.

Figure 3.9: The average [sulfate] and [lactate] present in the reservoirs (res.) and
bioreactor effluents (eff.) during the SRB bioaugmentation portion of the experiment.
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Figure 3.10 displays the BTEX concentrations present in the bioreactor sets
throughout July and August. The contaminant exposure phase began on June 30th, 85 days
prior to the ‘treatment’ phase. BTEX degradation gradually increased until August, when
up to 70% of the BTEX was being consumed. A plateau was then reached followed by a
slight decrease in BTEX reduction. Once the plateau was reached, it became apparent that
the experiment could move towards the treatment phase.
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Figure 3.10: Average percent reduction in BTEX throughout July and August in the
unactivated persulfate (UP1-3), alkaline-activated persulfate (AP1-3), alkaline-only
(AO1-3) and control (Con1-3) bioreactors.

Finally, the last indicator used to determine when to begin the persulfate treatment
was a return in the columns’ weights following an ‘unsaturation’ event during the first
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contaminant injection at the end of Febuary. The illustration below depicts the bioreactor
weights from Febuary to August (2015). Weights were monitored every week following
the unsaturation event. The peak (not noted on the graph), around the end of March, seen
in columns AO1-3 is due to a leak in the reservoir that allowed for partially oxygenated air
into the columns, presumably causing an initial increase in biomass of microaerophilic
bacteria. The reservoir was replaced and the columns returned to a more consistent weight
trend within a few days. Overall, by mid-June the weights returned to the approximate
weights of the columns prior to the initial contaminant injection at the beginning of March
that caused the weights to decline (see Figure 3.11). Foil was added to the columns at the
beginning of May which caused a slight increase in weight as well. AO1 was heavier than
the rest of the bioreactors because it had a metal clamp attached to it to ensure a tight seal.

Figure 3.11: The bioreactor weights, in grams, throughout the spring and summer
months (Febuary (baseline) to August).
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3.2 Treatment Phase
The following section presents all of the results, including chemical and microbial
results completed during the treatment phase of the experiment. The main range of analysis
took place from mid-September to the end of November, 2015. The ‘treatment episode’ for
unactivated persulfate, alkaline-activated persulfate, and alkalinity occurred for a 24-hour
period between September 23rd-24th, 2015. The treatment episode/exposure period is
indicated by a thick, dashed line on the figures and tables. The control replicates had an
increased flow rate during the treatment exposure phase and, thus, their respective plots
include an indicator as well.
3.2.1 Culture-Based Results:
3.2.1.1 Colony-forming-units per millilitre (CFU/mL) observed in all bioreactors
The plate count method was performed to determine the total abundance of
anaerobic bacteria in all bioreactors during the exposure trial. A total of five sampling
events took place within a two a month period (September 18th, 2015  November 22,
2015). The September 18th samples were taken prior to the persulfate/alkaline treatments
that took place September 23rd-24th. The remaining four sampling episodes took place
following the treatment episode.
Unactivated Persulfate Bioreactors (UP1-UP3)
Similar plate count trends were observed throughout all replicates in the unactivated
persulfate treatment. The total anaerobic bacterial loads prior to the 24-hour persulfate
treatment were determined to be in the range of 103-104 CFU/mL, with UP3 having the
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highest counts (20 CFU/mL) and UP1 having the lowest (10 CFU/mL). Immediately
following the treatment exposure counts decreased to approximately 101, with UP2 being
the highest and UP3 the lowest (refer to Figure 3.12). The subsequent sampling event on
October 21st saw an increase in CFU/mL to a magnitude ranging from 105 to 106 CFU/mL.
A similar number of culturable cells were maintained throughout the remaining sampling
events, which reflects a stable microbial load.
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07/11/2015

22/11/2015

Date

Figure 3.12: Colony-forming-units per mL (CFU/mL) observed in the unactivated
persulfate column replicates. The dashed line represents the treatment episode. UP1,
UP2, and UP3 are replicates.
Alkaline-activated Persulfate Bioreactors (AP1-AP3)
Similar CFU/mL trends were observed throughout all replicates in the alkalineactivated persulfate treatment columns (Figure 3.13). The total anaerobic bacterial loads
prior to the 24-hour persulfate treatment were determined to be in the range of 103-104,
57

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria
with AP1 having the highest counts (1.27x104 CFU/mL) and AP2 having the lowest
(3.53x103 CFU/mL). Immediately following the treatment, counts were lower, ranging
from 102.5 to as low as 101, with AP2 being the highest and AP3 the lowest. The subsequent
sampling event on October 21st saw an increase in CFU/mL to a magnitude ranging from
105 to 106. As in the unactivated persulfate columns, a similar range was maintained
throughout the remaining sampling events.
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Figure 3.13: Colony-forming-units per mL (CFU/mL) observed in the alkalineactivated persulfate column replicates. The dashed line represents the treatment
episode. AP1, AP2, and AP3 are replicates.
Alkaline-only Bioreactors (AO1-AO3)
The total bacterial loads prior to the 24-hour alkaline treatment (pH 12) were
determined to be in the range of 103-104 CFU/mL, with AO1 containing the highest counts
(8.15 x 103 CFU/mL) and AO2 having the lowest (2.3 x 103 CFU/mL) (refer to Figure
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3.14). Immediately following the alkaline treatment, AO1 experienced the largest decrease
(~ 2 log reduction), followed by AO3 then AO2 (~ 1 log reduction). The subsequent
sampling showed an increase in CFU/mL in all replicates to a magnitude just below 105
CFU/mL. A similar range was maintained throughout the remaining sampling events in all
replicates, with a slight increase in CFU/mL seen in AO1 at approximately a month and a
half (Nov. 7th) after the 24-hour pH 12 solution exposure.
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Figure 3.14: Colony-forming-units per mL (CFU/mL) observed in the alkaline-only
bioreactor replicates. The dashed line represents the treatment episode. AO1, AO2,
and AO3 are replicates for the pH 12 exposure.
Control Bioreactors (Con1-Con3)
The CFU/mL observed in the control bioreactors (Con1-Con3) did not demonstrate
any reductions in microbial load. By this method, the general trend displayed a slow
increase in CFU/mL between sampling events in all replicates. Con2 and Con3 showed a
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plateau between October 21st and November 7th (~ 105 CFU/mL) whereas Con1 continued
to increase to 3.83 x 105 CFU/mL in microbial load throughout the final sampling events.
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Figure 3.15: Colony-forming-units per mL (CFU/mL) observed in the control
bioreactor replicates. The dashed line represents the treatment episode. Con1, Con2,
and Con3 are replicates.
Treatment comparison:
Figure 3.16 for CFU/mL represents the log average of each set of triplicates for
each treatment (UP1-3, AP1-3, & AO1-3) and control (Con1-3) plotted against each other.
UP1-3 showed almost a 3 log reduction (~104  ~101 CFU/mL) in the second sampling
event and then experienced substantial increase (almost to 106 CFU/mL) in the next
sampling episode. Between 105-106 CFU/mL was maintained throughout the final three
sampling events. AP1-3 also experienced a reduction (~104  ~102 CFU/mL) in the second
sampling event and then experienced substantial increase (almost to 106 CFU/mL) in the
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next sampling episode. Between 105-106 CFU/mL was maintained throughout the final
three sampling events. AO1-3 also experienced a reduction (~104  ~102 CFU/mL) in the
second sampling event and then experienced substantial increase (almost to 106 CFU/mL)
in the next sampling episode. Between 105-106 CFU/mL was maintained throughout the
final three sampling events. With respect to the control replicates, a slight increase was
seen in CFU/mL between each sampling event, beginning at just below 10 4 CFU/mL and
finishing just above a CFU/mL of 105 CFU/mL.
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Figure 3.16: Average colony-forming-units per mL (CFU/mL) observed for each
treatment, pre-injection (18/09/2015) and post-injection (Sept. 27th  Nov. 22nd)
samples. UP1-3, AP1-3, AO1-3, and Con1-3 represent all replicates for respective
treatments. The dashed line represents the treatment episode.
3.2.1.2 Analysis of the Most-Probable-Number method for Sulfate-reducing Bacteria

As previously mentioned, the MPN method for SRB provides insight into the
amount of SRB cells present per millilitre of bulk phase liquid (effluent). Table 3.1 below
shows the MPN analysis for all treatment replicate samples taken before and after the
treatment episode. All replicates began with below 100 cells per mL. The general trend
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noticed in UP1-3 was that there was an initial decrease in viable SRB in the bioreactors.
However, the following sampling events saw an increase to levels 1-2 logs higher than
pre-treatment counts, with UP1 experiencing the largest increase. Treatment columns
AP1-3 showed a similar trend, with an initial decrease in counts throughout all replicates
and then a subsequent increase in bacterial numbers in the following sample, with AP1
displaying the largest increase. AP2 did not show as much of a decrease in numbers
immediately following treatment. The alkaline only reactors (AO1-3) also saw an initial
decrease in the number of culturable SRB. However, they too experienced a rebound in
numbers following the first post-treatment sample, with AO1 experiencing the largest
increase. The control bioreactors displayed fluctuations throughout the monitoring
process. Con2 and Con3 displayed an increase in SRB approximately one-month posttreatment, with Con3 returning to pre-treatment counts in the following sampling event.
Con2 continued to show a slight increase, to 430 cells per mL, in SRB counts until the
two-month sampling period, when a slight decline, to 93 cell per mL, was observed.
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Table 3.1: Most-Probable-Number (MPN) analysis observed for each treatment, pre-injection (18/09/2015) and post-injection
(Sept. 27th  Nov. 22nd) samples.
MPN
#
UP1

18/09/20
15
46

95% confidence
intervals

27/09/20
15
7.1

0

240
UP2

46

UP3

28

AP1

64

AP2

24

AP3

43

AO1

64

AO2

64

AO3

75

7.1

0

10

1.5

1

0.1

46

7.1

46

7.1
240

Con3

0.1

7.1

7.1
240

700

700

400

150

120000

30,000

930

400

7

30
440

23,000

70

3,000

700

700

400

140

400

4

70
2,100

70,000

7,000
210,000

21,000

3,500
47,000

23,000

4,000
120,000

4,300

700
21,000

9,300

47
430

7,000

2,100,000
43,000

12,000
21

15,000

210,000
430,000

2,300
2,300

4,000

380,000
43,000

12,000
750

15,000

120,000
93,000

13,000
2,300

210
150

150

95% confidence
intervals 5

380,000

13,000
4,300

12,000
43

93,000

44,000
4,300

3,800
2300

3,000

2,100
15,000

380,000
150

22/11/20
15

3,800
430

3,800

930

95% confidence
intervals 4

44,000

12,000

240
46

70

930

3.6
46

15,000

21,000
2300

3.7
1

240
Con2

0.3

700

21,000
4300

3.6
2

230
Con1

0.3

07/11/20
15

2,100
4300

2.3

380
14

430

38

1

95% confidence
intervals 3

21,000

0

380
15

0

0

210
15

4300

0

130
7

0

0

380
3.6

0

0
0

150
15

20/10/20
15

0

240
10

95% confidence
intervals 2

15,000
38,000

93

15
380

15

3
15
3
230
40
43
7
43,000
7,000
44
44
1,200
210
210,000
Legend: UP1, UP2, UP3= unactivated persulfate bioreactors; AP1, AP2, AP3= alkaline-activated persulfate bioreactors; AO1, AO2, AO3= Alkaline-only treatment bioreactors; Con1, Con2,
Con3= Control bioreactors. The numbers shown are representative of SRB cells per millilitre.

63

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

3.2.2 Molecular-Analysis
3.2.2.1 Quantitative Detection of Changes in Sulfate-reducing Bacterial Loads using
Quantitative Real-time PCR (qPCR)

Through the use of real-time qPCR, a conserved gene within sulfate-reducing
bacteria was successfully enumerated to detect changes in the SRB population following
the treatment episode. The degenerate primers used allowed for the detection of a part of
the dissimilatory sulfite reductase gene, dsrB. See Table 2.1 for the primer set used for this
portion of the experiment. qPCR was completed on two pre-treatment samples (Sept. 11 &
Sept 21) and 5 post-treatment samples taken from Sept 28th-Nov 18th. The standard
deviation from the mean is indicated by the error bars present on each graph. All graphs
for qPCR are displayed on a log scale.

Unactivated Persulfate Bioreactors (UP1-UP3)
qPCR analysis of the ‘UP’ replicates displayed initial gene copies per mL in the
range of 103-105 copy numbers/mL, with a log difference between UP1 (highest) and UP3
(lowest) (Refer to Figure 3.17). Immediately following treatment, the bioreactors
experienced approximately a 2 log decrease, with copy numbers ranging between 101-103.
UP1 continued to display the highest number and UP3 the lowest, with UP2 ranging in the
middle between the two. Two weeks following the first post-treatment sample, all
bioreactors displayed an increase in gene copies/mL with comparable values. UP3
exhibited the largest increase, showing approximately a 3 log increase. UP1 displayed the
second largest enumeration with almost a 2 log increase. UP2 had the slowest reestablishment, with less than a log increase from September 28th to October 9th. The
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subsequent sampling events showed a slight increase (less than a log) in UP1 and UP3,
with UP3 showing an observable slight decrease until the last sampling event. UP2
experienced almost a 3 log increase between the October 9th and October 20th, reaching
gene copy quantities over 105, and then slightly tapering off towards the last sampling
event.
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Figure 3.17: Relative abundance (target gene copies/mL) fluctuations of dsrB in the
unactivated persulfate bioreactors throughout the experiment. The dashed line
represents the treatment episode.
Alkaline-activated Persulfate Bioreactors (AP1-AP3)
qPCR analysis of the ‘AP’ replicates displayed initial gene copies per mL in the
range between 103-105 gene copies/mL, with slightly less than a one log difference between
AP2 (highest) and AP3 (lowest). Immediately following treatment, the bioreactor
replicates experienced somewhat different trends. AP1 experienced the largest reduction,
decreasing by nearly a magnitude of 2 logs. AP3 experienced approximately a 1 log
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reduction. On the contrary, AP2 did not display any reduction immediately following the
treatment. However, two weeks following the first post-treatment sample, AP2 did display
a slight decrease in gene copies. With respect to the other replicates, AP3 exhibited a log
increase whereas AP1 only showed a slight increase between September 28 th and October
9th. One month (Oct. 20th) after the treatment episode, all replicates displayed an increase
in gene copy number above pre-treatment levels. AP1 displayed the largest enumeration,
increasing by more than 3 logs to between 105-106. AP2 and AP3 also increased by
approximately one log, reaching levels just above 105. The following sampling events (
Nov. 4th & Nov. 18th) showed slight fluctuations (~1 log or less) in gene copies in all
columns, with AP3 experiencing a decreasing trend towards the last sampling event.
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Figure 3.18: Relative abundance (target gene copies/mL) fluctuations of dsrB in the
alkaline-activated persulfate bioreactors throughout the experiment. The dashed line
represents the treatment episode.
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Alkaline-only Bioreactors (AO1-AO3)
The qPCR results for the alkaline-only bioreactors displayed an interesting overall
trend. Two weeks prior to the treatment episode, dsrB were at their lowest (between 102104 gene copies/mL) in all columns, indicating slight fluctuations in gene copies within the
community without treatment. 2 days prior to the treatment, all bioreactors had increased
in gene copies numbers to just above 104. Immediately following the alkaline treatment,
gene copy numbers rose in all bioreactors by approximately 2 logs. Two weeks following
the first pre-treatment sampling event, gene copies numbers were reduced to just below 104
in AO1 and AO3, whereas AO2 was just above 104. One month after the alkalinity
exposure, copy numbers rose again, by approximately 1 log in all replicates in comparison
to the sampling event prior on Oct. 9th. Following the increase on Oct. 20th, all replicates
began to see a general decrease in levels just above (AO2) and below (AO1 & AO3) 104
gene copies/mL.
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Figure 3.19: Relative abundance (target gene copies/mL) fluctuations of dsrB in the
alkaline-only bioreactors throughout the experiment. The dashed line represents the
treatment episode.
Control Bioreactors (Con1-Con3)
For the majority of the experiment, the control replicates maintained a relatively
constant state with respect to the amount of dsrB gene copies. The bioreactors fluctuated
between 103-105 throughout the sampling events, with the exception of the Sept. 28th and
Nov. 11th sampling events, where Con1 and Con2 displayed gene copy numbers slightly
above 105. Con2 displayed the lowest (Sept. 11) and highest gene copy (Sept. 28th) numbers
among the control replicates recorded throughout the experiment.
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Figure 3.20: Relative abundance (target gene copies/mL) fluctuations of dsrB in the
control bioreactors throughout the experiment. The dashed line represents the
treatment episode.
Treatment comparison:
In order to establish a comparison between treatments, the average dsrB copies per
mL between replicates in each treatment were calculated to provide insight into differences
among treatments (Figure 3.21). The pre-treatment samples display similar gene copy
numbers just above 104 gene copies/mL. Following the treatment phase, UP1-3
experienced the largest reduction, dropping from above 104 to below 102 in copy numbers.
AP1-3 displayed a slight reduction but still had an average copy number above 10 4
immediately following treatment. However, AO1-3 and Con1-3 experienced an increase
in average copy number to above 106 and 105, respectively. Two weeks following the
treatment episode, all bioreactors (for treatment(s) and control replicates) returned to levels
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just below that which was present in the pre-treatment samples. One month following the
injection phase, all of the `treatment` bioreactors (UP1-3, AP1-3, AO1-3) increased almost
one order of magnitude from 104 to 105 gene copies/mL, whereas the control reactors
increased only slightly. The last two sampling events, leading up to two months’ posttreatment, displayed mild observable fluctuations between 104 and 105 gene copies/mL for
all treatment and control bioreactors.
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Figure 3.21: Average Relative abundance (target gene copies/mL) fluctuations
observed for each treatment, pre-injection (Sept. 11 & Sept. 21) and post-injection
(Sept. 27th  Nov. 22nd) samples. UP1-3, AP1-3, AO1-3, and Con1-3 represent all
replicates for respective treatments. Standard deviations represent significant
changes from the average gene copies/mL. The dashed line represents the treatment
episode.
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3.2.2.2 Structural Fingerprinting of SRB Communities within Bioreactors

The following section includes the results obtained from the SRB-based DGGE
analysis. For each treatment, three types of analyses were completed. This includes: 1.)
species diversity, which uses the Shannon index (H’) to measure a community’s evenness
and richness proportionally; 2.) community species richness, which is the amount of bands
present in a single lane, 3.) averaged banding pattern profiles, which provides further
insight into changes in SRB community structure with respect to dominant OTUs in band
movement groups. This type of analysis was completed on two pre-treatment samples
(Sept. 11 & Sept 21) and five post-treatment samples taken from Sept 28th-Nov 18th
(indicated by black ‘boxes’).
Unactivated Persulfate Bioreactors (UP1-UP3)
Species diversity in the unactivated persulfate treatment replicates displayed a steep
decline following the 24-hour exposure (Figure 3.22). This decline was met with a gradual
increase in diversity in the subsequent sampling events, returning to levels similar to the
pre-treatment status. Species richness exhibited a similar trend with respect to the initial
depletion in the number of bands present in a sample following the exposure period and
the respective rebound, reflected in increased band number, seen as the bioreactors
recovered. UP2 and UP3 showed recovery beyond the species richness present in the pretreatment samples whereas UP1 only saw a moderate return in species richness.
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Figure 3.22: SRB DGGE-oriented analysis of the SRB consortia(s) present in the
unactivated persulfate bioreactor replicates. Graph A represents the species diversity
measured by the Shannon index (H’). Graph B illustrates species richness in the
replicates, measured in number of bands. The dashed line represents the treatment
episode.
For the unactivated persulfate treatment, abundance changes in operational
taxonomic units (OTUs) across all three replicates can be seen in Figure 3.23. Prior to the
treatment phase for replicate UP1, OTUs were distributed throughout the 8th to 17th
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movement group. A dominant OTU, moderately rich in G+C, was observed at the 8th
movement group, comprising 70% and 25% of the total OTU relative band intensity in the
September 11th and 21st pre-treatment samples. That dominant band movement group was
maintained in the first two sampling events that took place post-treatment. However, in the
October 9th sample a second OTU, rich in G+C content, began to appear between the 16th
and 18th band movement group.

The following three sampling events displayed a

community that began to be dominated by G+C rich OTUs, spanning from the 11th to 18th
movement group, with a dominant peak seen at the 16th movement group, comprising 50%60% of the relative band intensities.
A similar shift to OTUs with higher G+C content was observed following treatment
in replicates UP2 and UP3 as well. UP2 was more proportionally distributed with respect
to relative band intensity pre-treatment but a dominant OTU was still present (13th
movement group) in the bioreactors. UP3 displayed a dominant OTU(s) between the 13th
and 14th movement group. Both UP2 and UP3 had no OTUs appear in the first posttreatment sample and nothing appeared for the 2nd post-treatment sample for UP2.
However, there was a general shift again to a more G+C rich SRB community in both
bioreactors in the following post-treatment samples. These post-treatment samples (i.e.
Oct. 20th  Nov. 18th) became more proportionally distributed as more OTUs began to
appear.
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Figure 3.23: SRB DGGE-based averaged banding patterns from Sept. 11th to Nov.
18th for the unactivated persulfate bioreactor replicates: A) UP1; B) UP2; C) UP3.
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Alkaline-activated Persulfate Bioreactors (AP1-AP3)

Prior to the treatment episode in the alkaline-activated persulfate replicates, SRB
species diversity and richness was highest in AP2 and lowest in AP1 (Figure 3.24).
Following treatment on September 28th, AP1 displayed a steep decline in diversity and
richness, whereas AP2 and AP3 only experienced a slight reduction. However, the
sampling event on October 9th showed a continued reduction in both diversity and richness
in AP2 and AP3, with AP2 showing almost no richness and diversity. At this point, AP1
began to rise in diversity and richness. All replicates began or continued to gradually
increase in diversity throughout the last three sampling events. AP1 and AP3 experienced
an increase above that of the pre-treatment samples where as AP2 never fully returned to
its pre-treatment richness and diversity.
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Figure 3.24: SRB DGGE-based analysis of the SRB consortia(s) present in the
alkaline-activated persulfate bioreactor replicates. Graph A represents species
diversity which is measured by the Shannon index (H’). Graph B illustrates species
richness in the replicates, measured in number of bands. The dashed line represents
the treatment episode.
For the alkaline-activated persulfate treatment, abundance changes in OTUs across
all three replicates are identified in Figure 3.25. Prior to the treatment phase for replicate
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AP1, OTUs were expansively and proportionally distributed throughout the 8th to 17th band
movement groups. Dominant OTUs, moderately rich in G+C, were observed at the 8th and
14th movement groups, comprising 35% and 40% (respectively) of the total OTU relative
band intensity in the 21st pre-treatment samples. That dominant band movement group was
maintained in the first sampling event that took place post-treatment. However, in the
October 9th sample there was shift in the banding profile to a more G+C rich community
structure between the 13th and 18th band movement groups and a second dominant OTU
developed. The following three sampling events continued to show a community that was
dominated by G+C rich OTUs, gradually increasing in the amount of band movement
groups that include OTUs, indicating an increase in diversity.
A similar shift in OTUs with higher G+C content was observed, following the
treatment episode, in replicate AP2. Pre-treatment, AP2 was more proportionally
distributed than the other replicates (AP1 and AP3) with respect to relative band intensity,
with bands appearing from the 5th to the 18th movement groups. The band movement span
was decreased significantly in the post-treatment samples. The span was reduced to include
the band movement groups 11 to 18 with the dominant OTU(s) profiles becoming more
rich in G+C content. A dominant OTU was observed at the 17th band movement group with
an additional OTU displaying partial dominance in the November 4th sample. These posttreatment samples (i.e. Oct. 20th  Nov. 18th) became slightly more proportionally
distributed as more OTUs began to appear.
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In replicate AP3, a shift in the community banding profile and inherent structure
was not as noticeable. Band presence fluctuated throughout the 5th to 17th band movement
groups. In most samples, pre-treatment and post-treatment, a dominant OTU was observed
at the 14th band movement group. A slight shift was seen in the post-treatment samples to
include G+C rich OTUs that are more proportionally equivalent to other OTUs in a
respective sample. Samples taken on the 4th and 18th of November displayed a more
proportional distribution with respect to relative band intensities.
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Figure 3.25: SRB DGGE-based averaged banding patterns from Sept. 11th to Nov.
18th for the alkaline-activated persulfate bioreactors: A) AP1; B) AP2; C) AP3.
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Alkaline-only Bioreactors (AO1-AO3)

Prior to the treatment episode in the alkaline-only replicates, SRB species diversity
and richness was not similar in the two sampling events prior to the injection episode (refer
to Figure 3.26). This is believed to be due to an oxygen leak in one of the sample heads
prior to the sampling event on September 11th. The sampling event prior (August 25th)
displayed increased levels in species richness and diversity which was more comparable
with the September 21st pre-treatment sample. Following treatment on September 28th,
AO2 displayed a slight decline in diversity and richness, whereas AO1 remained relatively
constant and AP3 experienced a slight increase. However, the sampling event on October
9th showed a reduction in both diversity and richness in all replicates, with AO1 showing
the least amount of observable change. All replicates began to gradually increase in
diversity and richness throughout the last three sampling events, with AO1 exhibiting a
slight decline on November 4th. None of the replicates fully returned to their respective pretreatment richness and diversity. Although AO1, the bioreactor least affected initially,
almost returned to a similar SRB species richness and diversity.
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Figure 3.26: SRB DGGE-based analysis of the SRB consortia(s) present in the
alkaline-only bioreactor replicates. Graph A represents species diversity which is
measured by the Shannon index (H’). Graph B illustrates species richness in the
replicates, measured in number of bands. The dashed line represents the treatment
episode.
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The general trend observed in all of the ‘AO’ replicates as seen in Figure 3.27 was
that the communities shifted to a more G+C rich community following the alkaline
exposure. However, this shift in dominant band movement groups was not displayed until
approximately one month after the treatment episode. Prior to the October 18th sampling
event, the community profile in all replicates were typically distributed proportionally in
the middle and later band movement groups (~7th to 18th) with the dominant OTUs
appearing closer to the middle. However, on October 18th and thereafter, the SRB
community structure was reduced and the dominant OTUs that were present fell in later
band movement groups (~14th to 18th). The last sample set, taken on the 18th of November,
began to display a more proportional distribution with respect to relative band intensities
and the banding profile was slightly more expansive.
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Figure 3.27: SRB DGGE-based averaged banding patterns from Sept. 11th to Nov.
18th for the alkaline-only persulfate bioreactor replicates: A) AO1; B) AO2; C) AO3.

83

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

Control Bioreactors (Con1-Con3)
The control bioreactor replicates all appeared to stay relatively constant throughout
the experiment with respect to species diversity and richness (refer to Figure 3.28). There
was an increase in species richness and diversity seen for all replicates on September 28th.
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Figure 3.28: SRB DGGE-based analysis of the SRB consortia(s) present in the control
bioreactor replicates. Graph A represents species diversity which is measured by the
Shannon index (H’). Graph B illustrates species richness in the replicates, measured
in number of bands. The dashed line represents the treatment episode.
With respect to averaged banding profiles seen in Figure 3.29, Con1 exhibited a
fairly constant profile throughout the experiment. The profile was mainly restrained within
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the 7th to 18th band movement groups. In the September 11th sample, the main OTU resided
at the 8th movement group. The rest of the samples displayed the highest peak at the 17th
band movement group and that was maintained throughout the rest of the sampling events.
Replicate ‘Con2’ experienced some fluctuation with respect to the dominant OTU
that was present in each sample. Proportionally, however, the samples were similar in their
expansiveness across the band movement groups, staying within the 7th to 17th band
movement groups typically.
Replicate ‘Con3’ was not as consistent with respect to averaged banding patterns.
Samples take on September 11th and 21st showed 2 dominant OTUs present between the
10th and 15th band movement groups. The samples following displayed more consistency
with respect to proportional band intensities across a larger span of band movement groups.
The November 18th samples displayed a dominate OTU at the 10th movement group, which
was only present with a reduced band intensity in previous samples. The same OTU
appeared to be present in the other replicates at the same sampling time point, but it was
not as dominant in comparison to other supporting OTUs.
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Figure 3.29: SRB DGGE-based averaged banding patterns from Sept. 11th to Nov.
18th for the control bioreactor replicates: A) Con1; B) Con2; C) Con3.
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3.2.2.3 Structural Fingerprinting of Supporting Microbial Communities within Bioreactors
The following section displays the results obtained from the ‘universal-based’
DGGE analysis. For each treatment, the same types of analyses were conducted. This
includes: 1.) species diversity, which uses the Shannon index (H’) to measure a samples’
evenness and richness proportionally; 2.) species richness, which is the amount of bands
present in a single lane, 3.) averaged banding pattern profiles, which provides further
insight into changes in SRB community structure. Overall, these help reflect changes in a
microbial community’s structure and helps distinguish if a similar community returns
following the treatment phase or whether a novel community, different from pre-treatment,
arises. This type of analysis was completed on two pre-treatment samples (Sept. 11 & Sept
21) and 5 post-treatment samples taken from Sept 28th-Nov 18th.
Unactivated Persulfate Bioreactors (UP1-UP3)

Overall, species diversity in the unactivated persulfate treatment replicates
displayed a steep decline following the treatment episode (Refer to Figure 3.30). The
decline on September 28th was then met with a gradual increase in diversity in the
subsequent sampling events (October 9th to November 18th), returning to levels similar to
the pre-treatment samples. Throughout the post-oxidation phase, UP1’s SRB population
experienced the least amount of reduction with respect to species diversity whereas UP3’s
SRB consortium experienced the largest decline. Species richness exhibited a similar trend
with respect to the initial depletion in the number of bands present in a sample following
the exposure period and the respective rebound seen as the bioreactors recovered. After a
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month of recovery (October 20th), UP1 and UP3 had recovered in species richness whereas
UP2 microbial diversity returned after a month and a half.
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Figure 3.30: Universal DGGE-based community analysis of the supporting microbial
consortia(s) present in the unactivated persulfate bioreactor replicates. Graph A
represents species diversity which is measured by the Shannon index (H’). Graph B
illustrates species richness in the replicates, measured in number of bands. The
dashed line represents the treatment episode.
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With respect to the averaged banding patterns in the unactivated persulfate column
replicates as seen in Figure 3.31, the microbial community appeared to stay within
moderately G+C rich region. UP1 displayed a wider range of movement groups, which
contained OTUs more proportionally spread apart, prior to treatment and after treatment.
UP2 and UP3 seemed to have their relative band intensity more centralized. The majority
of OTUs were located between band movement groups 10 to 15 throughout the experiment.
Prior to the persulfate injection, UP3s’ relative band intensity was more proportionally
divided between movement groups. Immediately following treatment, it became even more
centralized around 1-2 OTUs. However, as the weeks progressed, OTUs with increased
prevalence/increased relative band intensity began to appear and develop. This is indicated
by the smoother/flatter peaks (Figure 3.31C).
A general trend seen throughout all three replicates when looking at the raw data
was that as the columns proceeded through the post-treatment phase, OTUs in the
community became more centralized with individual OTUs comprising more of the relative
band intensity per sample. Dominant OTUs started to appear more consistently in
moderate-high G+C rich regions/band movement groups.
Overall, a shift in dominant OTUs was not particularly noticeable between the
replicates. Some details, as previously mentioned, about the community can be gathered
but it was difficult due to a significant fluctuation in the averaged banding patterns from
week to week in each replicate. The fluctuations illustrated little consistency week to week.
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Figure 3.31: Universal DGGE-based averaged banding patterns from Sept. 11th to
Nov. 18th for the unactivated persulfate bioreactors: A) UP1; B) UP2; C) UP3.
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Alkaline-activated Persulfate Bioreactors (AP1-AP3)

Prior to the treatment episode in the alkaline-activated persulfate replicates, SRB
species diversity and richness was highest in AP2 and lowest in AP1 (refer to Figure 3.32).
Following treatment, AP1 displayed a steep decline in diversity and richness, whereas AP2
and AP3 experienced a reduction but not quite to the same observable extent. After time
(October 9th) reflected a continued reduction in both diversity and richness in AP2 and AP3
while AP1 maintained the same richness but increased slightly in diversity. In the
subsequent sampling event, all of the replicates increased in diversity almost to the levels
seen in the pre-treatment samples. The level was maintained in the following two sampling
events. With respect to species richness, the four-weeks post-oxidation sampling event
revealed an increase in all replicates to levels just below that which was present in the pretreatment samples. AP1 was the only replicate to reach the species richness that was present
before the persulfate injection episode.
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Figure 3.32: Universal DGGE-based community analysis of the supporting microbial
consortia(s) present in the alkaline-activated persulfate bioreactor replicates. Graph
A represents species diversity which is measured by the Shannon index (H’). Graph
B illustrates species richness in the replicates, measured in number of bands. The
dashed line represents the treatment episode.
Following the alkaline activated persulfate injection, the replicates maintained
dominant OTUS within similar band movement groups as shown in Figure 3.33. For
replicate AP1 (Figure 3.33A), the relative band intensity was proportionally spread out,
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spanning from the 7th to 18th band movement groups. Prior to treatment, OTUs within the
11-13th group made up 35-50% of the relative band intensities. For the first two sampling
events following treatment, the same span comprised 80-100% of the relative band
intensities. As the columns developed, the band movement groups containing OTUs began
to broaden, with band movement groups 10 and 15 containing up to 33% of the relative
band intensities. A peak also began to appear in movement group 7, comprising 16% of
the relative band intensity in the final sampling event, 2 months after the treatment episode.
With respect to replicate AP2 (Figure 3.33B), the OTUs were relatively constrained
within a few moderately G+C rich movement groups (10-13), containing 80-95% of the
relative band intensities prior to the treatment episode. For the first two sample events
following treatment, the dominant OTUs (in band movement groups 10 and 13) became
increasingly prevalent, with no outlying OTUs in ‘exterior’ band movement groups.
However, as the columns developed, more movement groups contained OTUs (increase in
diversity), with movement group 8 comprising 26% of the relative band intensity in the
last sample on November 18th.
With respect to AP3 (Figure 3.33C) prior to the injection episode, the relative band
intensity was proportionally spread out, spanning from 5th to 18th band movement groups.
OTUs were more dominant between the 11th and 15th movement groups. Immediately
following treatment, on September 28th, 100% of the OTUs present fell in between band
movement groups 10-15. The community was further restricted in the following sampling
events, with 90% of the relative band intensities falling between the 11th and 14th band
movement groups. As seen in the other two replicates, the last three sampling events saw
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the community expand. OTUs in band movement groups 8 and 16 began appearing,
comprising up to 12% of the relative band intensity in the last sampling event.
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Figure 3.33: Universal DGGE averaged banding patterns from Sept. 11th to Nov.
18th for the alkaline-activated persulfate bioreactors: A) AP1; B) AP2; C) AP3.
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Alkaline-only Bioreactors (AO1-AO3)
In the alkaline-only replicates, species diversity and richness was not similar in the
two sampling events prior to the injection episode (refer to Figure 3.34). This is believed
to be due to an oxygen leak as mentioned previously. The August 25th and September 21st
pre-treatment samples showed consistency with respect to species diversity and richness
whereas the September 11th sample was a bit of an outlier, displaying decreased levels of
richness and diversity in comparison to the other two pre-treatment samples. Following
treatment on September 28th, AO1 and AO2 displayed a slight decline in diversity and
richness, whereas AP3 demonstrated a slight increase. The subsequent sampling events on
October 9th and 20th showed an increase in diversity and richness in replicates AO1 and
AO2, followed by a slight decline and then increase in the last two sampling events. AO3
maintained relatively constant overall species diversity and richness throughout the posttreatment sampling events.

97

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

Species Diversity
3.5

No. of Bands

3
2.5
2
1.5

AO1

1

AO2

0.5

AO3

0

Date

Species Richness
No. of Bandds

25
20
15
10

AO1

5

AO2

0

AO3

Date

Figure 3.34: Universal DGGE-based community analysis of the supporting microbial
consortia(s) present in the alkaline-only bioreactor replicates. Graph A represents
species diversity which is measured by the Shannon index (H’). Graph B illustrates
species richness in the replicates, measured in number of bands. The dashed line
represents the treatment episode.
In comparison to the other treatment tests, the alkaline-only replicates did not see a
noticeable die-off and then resurgence with respect to genetic analysis (refer to Figure
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3.35). Rather, the replicates for this test seemed to undergo a shift in the averaged banding
profile. Essentially, there was a slight shift towards dominant OTUs with a lower in G+C
content (lower band movement group), although the OTUs were still in a moderate G+C
range, as the post-treatment recovery occurred. Replicates AO1 and AO3 exhibited this
trend most clearly, as seen in Figure 3.35 (A & C). Pre-treatment, all replicates had the
majority (50-80%) of their dominant OTUs fall in between band movement groups 11
through 14, for AO1 and AO3, and 12 through 14 for AO2.
Following alkalinity exposure, band movement groups 8-12 began to contain the
majority of dominant OTUs. This can be said for all replicates, whereby individual
movement groups, in that span, slightly fluctuated in relative intensity. In replicates AO1
and AO3, the post-treatment samples seem to contain OTUs slightly more proportionally
distributed amongst the moderately G+C rich band movement groups, and therefore OTUs.
AO2 displayed a similar trend in the October 9th and 20th samples but then individual OTUs
become more dominant amongst the community. A trend was seen in the last sampling
event for AO3 as well. With 3 OTUs in band movement groups 11, 12 and 13 comprising
88% of the relative band intensity in the November 18th sample.
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Figure 3.35: Universal DGGE averaged banding patterns from Sept. 11th to Nov. 18th
for the alkaline-only persulfate bioreactor replicates: A) AO1; B) AO2; C) AO3.
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Control Bioreactors (Con1-Con3)
With respect to species diversity and richness, the control bioreactor replicates all
appeared to stay relatively constant prior and immediately following the treatment phase
of the other bioreactor experiments (refer to Figure 3.36). There was an increase in species
richness and diversity seen for all replicates on September 28th. Following September 28th
the samples begin to show a decrease in diversity and richness. This trend continued until
the last sampling date, when the community experienced a slight increase, returning to
levels seen in the September 21st samples.
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Figure 3.36: Universal DGGE-based community analysis of the supporting microbial
consortia(s) present in the control bioreactor replicates. Graph A represents species
diversity which is measured by the Shannon index (H’). Graph B illustrates species
richness in the replicates, measured in number of bands. The dashed line represents
the treatment episode.
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The control bioreactor series maintained a relatively consistent averaged banding
pattern overall. The dominant OTUs seen in all replicates were moderately rich in G+C,
with most of the relative band intensity falling between the 10th and 14th band movement
groups.
In Con1 replicate, the presence of a dominant OTU at band movement group 13
was present in all of the samples (refer to Figure 3.37). The OTU comprised 35-90% of the
relative band intensity in every sample throughout the experiment, typically falling in the
higher end of that range. A second OTU in band movement group 11 shared prevalence
within samples from October 20th and November 11th samples, with relative band
intensities of 52% and 65%, respectively. A similar trend was seen in Con2 and Con3
replicates. However, Con2 and Con3 showed wider peaks indicating OTUs in close
proximity with similar G+C content. Overall, the averaged banding patterns in the control
bioreactors showed more consistency between samples than in the treatment replicates.
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Figure 3.37: Universal DGGE averaged banding patterns from Sept. 11th to Nov. 18th
for the control bioreactor replicates: A) Con1; B) Con2; C) Con3.
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3.2.3 Chemical Analyses
Throughout the experimental phase, a collection of physicochemical parameters
were monitored. This included total BTEX, dissolved hydrogen sulfide, dissolved methane,
sulfate, pH, and oxidation-reduction potential (ORP). By measuring these parameters, it
was possible to better assess the physicochemical condition of the bioreactors which may
impact the microbial consortia following the treatments. Biodegradation potential was
reflected by analyzing the environment inside the columns, through effluent sampling, to
assess whether conditions were favourable for anaerobic communities, namely that of a
sulfate-reducing consortia.
3.2.3.1 Total Petroleum Hydrocarbon concentration throughout Experimental Trial

A balanced mixture of benzene, toluene, ethylbenzene and xylenes (BTEX) was
used as the contaminant source during the experimental trial. The mixture of petroleum
hydrocarbons (PHC) compounds was monitored throughout the experiment. Figure 3.38
depicts how the PHC concentrations changed before and after the experiment in each of
the bioreactor sets, through analysis of the effluent samples. The reservoirs were also
monitored for comparison throughout the experiment. There was a loss of total BTEX
through the reservoir walls of approximately 100-400 ppb between fillings (one-week);
typically falling on the lower end of that range. This was taken into effect when calculating
percent reduction. Prior to treatment, all bioreactors were experiencing almost complete
mineralization of toluene (See Appendix Figure A7) but this trend ceased in all of the
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treatment sets (except controls) following the persulfate/alkaline injection phase. The
control replicates maintained relatively constant BTEX reduction in the effluent throughout
the experiment.
Prior to treatment, UP1-3 bioreactors displayed over a 50% consumption in total
BTEX from the reservoir to the effluent end of the reactors. With respect to the UP1-3
bioreactors, the general trend observed following persulfate treatment was that [BTEX] in
the effluent was higher than what was being observed in pre-treatment samples (20% less
BTEX reduction). Biodegradation potential continued to decline to 25% total BTEX
reduction three weeks’ post-oxidation. The next three sampling events displayed a
fluctuation in BTEX degradation between 20-30%, never reaching pre-treatment
biodegradation potential by the final sampling date (8-weeks post-oxidation).
AP1-3 displayed a similar trend to that of UP1-3, where BTEX reduction decreased
by approximately 25% (to less than 30% reduction) immediately following the treatment
phase. The reduction potential of the ‘AP’ bioreactors continued to decline to
approximately 20% reduction on October 15th. BTEX reduction did increase up to 45% on
6-week post oxidation but declined again by the 8-week mark to approximately 30%
reduction.
AO1-3 bioreactors also experienced an obvious reduction in BTEX degradation in
the effluent samples. Prior to the alkalinity exposure, BTEX reduction was approximately
45%. Ten-days following treatment BTEX degradation dropped to 27%. On October 15th,
three-weeks post-injection, AO1-3 replicates were consuming approximately 38% total
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BTEX. However, the subsequent sampling event displayed a return to more limited BTEX
degradation values (less than 20%). BTEX reduction slightly increase in the final two
sampling events but was still experiencing less than a 30% reduction therefore never
returning to pre-treatment biodegradation levels, on average.
Overall, it can be deduced that BTEX biodegradation potential was reduced
throughout all of the treatment sets in comparison to pre-treatment samples, with the
exception of the control set. Although, the communities did still display BTEX
biodegradation capabilities after treatment (in all cases), just at reduced rates.
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Figure 3.38: Average percent reduction in BTEX September to November in the
unactivated persulfate (UP1-3), alkaline-activated persulfate (AP1-3), alkaline-only
(AO1-3) and control (Con1-3) bioreactors. The dashed line represents the treatment
phase.
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3.2.3.2 Dissolved Hydrogen Sulfide (H2S)

Dissolved H2S was monitored throughout the experiment to provide a quantitative
assessment of changes in sulfate reduction (refer to Figure 3.39). H2S increase or decrease
reflects a reduction in sulfate (i.e. SRB activity). Prior to treatment, the H2S in all treatment
replicates was approximately 2.5 ppm. The two sampling events following the treatment
phase noted a reduction in the amount of H2S detected in all treated column sets. AO1-3
bioreactors experienced the least reduction, dropping to 700 ppb in dissolved H2S. UP1-3
and AP1-3 bioreactor sets experienced a more notable drop in H2S down to 2 and 23 ppb,
respectively. However, within just over one-month post-treatment, all columns
experienced an increase in H2S above concentrations observed in pre-treatment samples.
By the last sampling event, dissolved H2S was almost one order of magnitude higher than
that present in pre-injection samples.

108

Chris Bartlett
ISCO/ISB: Persulfate and Sulfate-reducing Bacteria

1E+05

Dissolved H2S (µg/L)

1E+04
1E+03
1E+02
1E+01
1E+00
Sept. 10

Sept. 18

Sept. 23

Sept. 24

Oct. 5

Oct. 15

Oct. 28

Nov. 9

Nov. 23

Sample Date
avg UP1-3

avg. AP1-3

avg. AO1-3

avg. Con1-3

Figure 3.39: Average dissolved hydrogen sulfide (H2S) present in the effluent samples
of all treatment and control bioreactors throughout the experiment. The dashed line
represents the treatment phase.
3.2.3.3 Dissolved Methane (CH4)

Prior to the treatment phase, all of the bioreactor effluents displayed methane
concentrations in the 5-7 ppm range (refer to Figure 3.40). Immediately following the
treatment phase UP1-3, AP1-3 and AO1-3 bioreactor sets demonstrated a reduction in
methane levels. On average, AP1-3 and AO1-3 bioreactor sets dropped in methane levels
to less than 1 ppm whereas AP1-3’s bioreactors’ methane concentration declined only
slightly to 1.9 ppm. By October 5th, the methane concentration in the treatment column sets
was less than 100 ppb. This concentration continued in these sets of columns until the
November 9th sampling date, when methane levels slightly increased to the 200 ppb range.
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200 ppb was observed in the last sampling event on November 23rd as well. The control
bioreactor replicates remained relatively constant throughout, with slight fluctuations.
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Figure 3.40: Average dissolved methane (CH4) present in the effluent samples of all
treatment and control bioreactors throughout the experiment. The dashed line
represents the treatment phase.
3.2.3.4 Monitoring Sulfate

The sulfate concentration in the effluent of each bioreactor was monitored
throughout the experiment as a complementary method to monitor SRB activity. Figure
3.41 represents the average sulfate concentration in each set of treatments. The Y axis in
plots A and B are shown in a log scale due to a large increase in sulfate concentration
(approximately 6000 ppm) in the sample set following the treatment phase. The sulfate
concentrations in the reservoirs ranged between 110-130 mg/L. Prior to treatment, sulfate
reduction remained relatively low when compared to the post-treatment samples across all
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replicates. Immediately following treatment, sulfate reduction increased to 6-7 g/L in the
treatment columns sets. The subsequent sampling event displayed a return to similar
effluent [sulfate] as the pre-treatment samples. The sample set taken approximately three
weeks after treatment, on October 14th, began to show an increase in sulfate consumption
by the microbial consortia(s) across all treatment sets as reflected by a drop in
concentration. UP1-3 decreased by almost 50% from 125 mg/L on October 6th to 60 mg/L
on the 14th. The following samples in UP1-3 replicates continued to display a decreased
[sulfate] throughout the rest of the experiment. A similar trend was noticed in AP1-3 and
AO1-3 treatments. By the final sample, sulfate concentration had decreased by more than
50% in comparison to the pre-treatment samples. The control columns also experienced a
progressive increase in sulfate reduction. Sulfate levels began to slightly decrease (by 10
mg/L) from September 18th to September 23rd. Two-weeks post-oxidation, from September
24th to October 6th, a large decrease (73 mg/L decrease from 113 mg/L to 40 mg/L) was
observed. Decreased levels continued until the November 9th sampling episode, where
sulfate levels increased from 34 mg/L to 103 mg/L. Concentrations decreased across all
control replicates by the last sampling date, falling to its lowest point throughout the
experiment, 2mg/L.
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Figure 3.41: Sulfate concentration in the reservoirs (C0) and water effluent of the unactivated persulfate (plot A), alkalineactivated persulfate (plot B), alkaline-only (plot C), and control (plot D) bioreactors from September to mid-November. The
dashed lines indicate the 24-hour treatment phase.
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3.2.3.5 Monitoring pH
The pH conditions of the columns were monitored both before and after the
treatment process. Throughout the experiment, the simulated groundwater in the reservoirs
was a pH of 7.4; with the exception of the alkaline solutions (pH 12) during the 24-hour
treatment phase. In Figure 3.42, the pH in the effluent from September 10th to November
23rd is illustrated. Prior to treatment, the column effluent was above the reservoir pH. The
pH of the effluent pre-treatment was between 7.7-7.8 in all bioreactors. Following the
treatment, on September 24th, the pH in the effluent of the AP1-3 bioreactors had dropped
to approximately 6.38. In the alkaline-activated persulfate bioreactors the pH dropped
from 12, in the reservoir, to 6.32 in the effluent. The alkaline-only reactors continued to
show the same pH as that was present in the reservoir (pH 12). The control columns
maintained a pH similar to the pre-treatment samples. Eleven days following the treatment
phase, on October 5th, the pH in the effluent of the AP1-3 and AO1-3 was 9 and 8.24,
respectively, in comparison to 7.4 in the reservoir(s). Also on October 5th, on average UP13 showed a pH above 8. This was mainly due to the pH measured in UP2, which was 9, as
the other replicate showed a pH of approximately 7.75. The remaining sampling events
saw a return to a pH ranging between 7.7-7.8 in all bioreactors. The control replicates
maintained a relatively constant pH throughout the experiment, with the exception of the
November 9th sampling date when the pH was just above 8 in the effluent of all replicates.
This was due to an increase in reservoir pH, to 7.7, owing to microbial contamination from
the bioreactors. With a new reservoir bag, the pH in the effluent of the control columns
returned to approximately 7.5.
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Figure 3.42: Average pH present in the effluent samples of all treatment and control
bioreactors throughout the experimental trial.

3.2.3.6 Monitoring ORP
ORP was measured throughout the experiment to ensure that reducing conditions
were prevailing prior to the treatments and to monitor how ORP changes after the injection
phase. For the two persulfate systems, the ORP increased to approximately +700 mV after
the treatment episode. On October 5th, 11 days after treatment, the redox conditions had
dropped to 300-400 mV. ORP continued to drop in the two persulfate systems and by
approximately one-month post-treatment, the conditions were more reducing than pretreatment. This trend (prevalent reducing conditions) continued in UP1-3 and AP1-3 for
the rest of the monitoring phase. With respect to AO1-3, conditions remained reducing. An
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increase in ORP was noted in the first two sampling events post-oxidation but by October
15th, conditions had returned to pre-treatment levels. The control replicates maintained
reducing conditions as well, fluctuating slightly around the -100 mV range throughout the
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experiment (Figure 3.43).
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Figure 3.43: Average ORP (millivolts) present in the effluent samples of all treatment
and control bioreactors throughout the experiment.

The results section encompassed a wide range of analysis, mainly revolving around
microbial community analysis using molecular and culture-based techniques. Microbial
analysis was supported with chemical analysis based on physicochemical parameters
monitored from the bioreactors. By combining these techniques, a clear depiction of the
factors influencing and changes in an anaerobic microbial community, exposed to different
types of persulfate treatments, was illustrated.
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Chapter 4. Discussion
There is increasing awareness of contaminants that can pose a risk to the
environment as well as to human health. Groundwater contamination is of particular
interest for a variety of reasons, one of which is its direct impacts on water supply. In
particular, petroleum hydrocarbons (PHCs), including persistent and toxic aromatic PHCs
(such as the contaminants studied in this research (benzene, toluene, ethylbenzene, and
xylenes (BTEX))), have been found to be a main source of groundwater contamination
throughout the world. The subsurface and groundwater remediation sector, on the
international stage, was predicted to be valued between $50-60 billion dollars in 2009
(Singh, 2009). From a human, environmental health and economical standpoint, it is
important to conduct studies such as the one presented in this thesis to ensure that viable
economically, feasible methods for remediation are available for use. This particular study
helps provide further insight into a technique that is beginning to see application in the
field (ISCO/ISB treatment), and will aid in more accurate predictions on the outcomes of
a contaminated site undergoing ISCO/ISB treatment. Oxidants such as persulfate
(synthetically or naturally activated) are strong, aggressive detergents used to remove the
bulk mass of contaminants. As detergents, the oxidants have initial negative impacts on
indigenous microbial communities that may be present in liquid and solid phases of
groundwater aquifers. In recent studies it is suggested that microbial communities may be
able to partially rebound with respect to diversity and richness, although the remediation
capabilities of the recovered community may be reduced (Richardson et al., 2011; Sutton
et al., 2014; Cassidy et al., 2015). However, microbial recovery needs to be further
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investigated with respect to different types of ISCO treatments and the effects of those
treatments on different microbial communities (i.e. anaerobic communities) that are
present in heterogeneous environments like groundwater aquifers. The results of this study
will be discussed, for each treatment approach, in order to more thoroughly assess the
impact of persulfate-mediated ISCO treatments on the indigenous and degradative
anaerobic microbial communities present in freshwater aquifers.
4.1 The Development of Anoxic Bioreactors Containing Indigenous Microbial
Communities from a Freshwater Aquifer

In order to properly depict the effects of persulfate on an indigenous microbial
community on a bench-scale level, bioreactors were created that contained subsurface
sediment from a freshwater aquifer in Borden, Ontario. The microbial communities within
the core sediment were allowed to acclimate to the bioreactor/lab setting until the end of
February (90 days), when the first contaminant injection took place. The successful
inoculation of a sulfate-reducing community can be attributed to a few factors. The core
material was immediately brought into an anaerobic chamber for packing into the columns
so that by-products, oxygen etc. would not accumulate in the cores, potentially causing a
loss of viable anaerobic microorganisms. Also, once the bioreactors were packed,
groundwater from the Borden aquifer was used to saturate the columns, as well as provide
a further source of inoculation for indigenous microbes. Ensuring that the DO and ORP of
the water was relatively low (below 1 mg/L and ≤ 0 mV, respectively) also attributed to
the successful development of anaerobic bioreactors (Müller et al., 2009; Shayan, 2015).
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It can be concluded following an examination of the raw images of both the
universal (Figures 3.3-3.6) and SRB-based (Figures 3.7 & 3.8) DGGE gels that the
microbial community structure alters following the transfer from the environment to a labscale setting, even though the community was contained within the same sediment. This
type of alteration has been reported by others previously (Chandler et al., 1997). Changes
from the environment to the lab are a common and unavoidable factor when moving from
in situ to ex situ environments, even when significant steps are taken to limit changes (such
as the ones mentioned in this study). Structural changes are illustrated between the first 4
sample sets (lanes 1-4) on the universal-based DGGE gels, as the communities appear to
contain dominant OTUS with a lower G+C content (lower band movement groups) initially
and then fluctuate to a more moderately rich G+C OTU-dominated community. From this
an observable shift in the community dynamics from the field-scale to the bench scale was
evident. A build-up of by-products and the bioavailability of nutrients can be partially
attributed to the changes observed in community structure (Chandler et al., 1997; Müller
et al., 2009). It is difficult, if not impossible, to perfectly mimic environmental geochemical
conditions, especially for anaerobic bacterial communities, even with initially injecting
groundwater from the site. In this study, the main contributor to structural changes is most
likely temperature as the bioreactors were maintained at room temperature (~21ᴼC). The
aquifer at Borden fluctuates around 10ᴼC (Butler et al. 1997). In turn, the microbial
community experiences a fluctuation of more than 10ᴼC from the natural environment to
the lab-setting which can drastically affect the metabolic activity of different microbes,
causing a portion of the population to die or become dormant while others become
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metabolically active (Müller et al., 2009). The fluctuations in population structure present
some unknowns with respect to the application of this bench-scale experiment to a pilotscale study. However, the microbes present in the bioreactors were still indigenous
organisms to a freshwater aquifer and likely reflect a more realistic study with respect to
aquifer conditions than an outside source inoculum.
During the development phase of the bioreactors, lactate-amendment was used to
ensure the growth and conservation of SRB prior to the ISCO treatment. Lactate is a source
of electron donor that only SRB can utilize and it was used in order to limit methanogens
from prospering over SRB (Acton & Barker, 1992; Stams et al., 2005; Dar et al., 2008).
Methanogens are not desirable as they produce methane, and if trapped, could generate
potentially dangerous pockets of the combustible compound within the subsurface
sediment (Ma et al., 2012). Typically, SRB and methanogens are found together cometabolizing substrates (e.g. acetate) in the environment (Barker and Acton, 1992; Stams
et al., 2005) and this was the same in the bioreactors for this study, as methanogenesis was
observed in all bioreactors, as well as sulfate reduction (Figure 3.9). As mentioned,
methanogens can utilize acetate, which is an intermediate by-product in the breakdown of
lactate, and thus it seems inevitable that some methanogenesis would occur. However, if
sulfate is not in limited supply, SRB can typically co-exist or outcompete methanogens for
electron donors (Dar et al. 2008; Stams et al. 2005; Talbot et al. 2008; Barker & Acton,
1992). In this study, sulfate was always kept above 1mM to ensure the sulfate-reducers
could dominate over methanogens (Lovely & Klug, 1983; Barker & Acton, 1992).
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An initial BTEX injection took place at the beginning of March (2015) to begin
initial steps towards the oxidant injection phase. A relatively large concentration of BTEX
(~80 mg/L; in comparison to the ~3-4 mg/L used in the second contaminant injection) was
injected into the bioreactors in unison with arresting lactate addition. The introduction of
80 mg/L BTEX caused a significant ‘unsaturation’ event immediately following PHC
exposure. Unsaturation of the bioreactors can create unpredictable side-effects and thus
became a concern (Petri et al., 2011). Initially, the unsaturation was speculated to be due
to an increase in methane production in the columns, which was between 4-6 ppm
following the contaminant injection. Since methanogenesis is also not desirable,
contaminant injection was stopped. However, it is difficult to place the responsibility of
the unsaturation event on a methanogenesis dominated system as methane concentrations
in the bioreactors prior to the contaminant injection were not analyzed. Furthermore,
sulfate concentrations were kept above 1 mM, limiting methanogens from outcompeting
SRB. Once contaminant exposure was ceased, lactate was re-introduced into the columns
to biostimulate SRB. In addition, methane concentrations did not decrease significantly,
which also questions whether the unsaturation was due strictly to methane production. In
the future, other avenues of responsibility for the unsaturation event need to be explored.
Speculation about the formation of CO2, from microbial mineralization of BTEX, causing
the unsaturation event could be a future avenue of exploration (Beller et al., 1992; Affek
et al., 1998). The unsaturation event was also exemplified by a measurable reduction in
column weights (≥20 g reduction; Figure 3.11), indicating a potential reduction in biomass
as well as loss of water. Although the unsaturation was always visibly present, a return of
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bioreactor weights was observed and a second contaminant injection took place in July,
which was followed by the 20 g/L persulfate treatment phase in September.
The second attempt at BTEX exposure began at the start of July. BTEX
biodegradation throughout July gradually increased (Figure 3.10) up to 70% BTEX
reduction 5-weeks post-contaminant exposure. The residence time (the time it takes for one
pore volume to pass through the bioreactors) of BTEX in the columns was approximately
1.5 days. Overall, the biodegration potential of the bioreactors was as high as 5.71 µg/L
per hour. The plateau in percent reduction was met by a slight decline on the August 18th
sampling date. The slight decline in BTEX biodegration corresponded with the cessation
of lactate amendment. However, even without lactate, the anaerobic microbial community
was able to biodegrade over half the contaminants injected within the 1.5-day residence
period (refer to Figure 3.38).
4.2 Treatment Phase
The treatment phase of the experiment included a 24-hour, three pore volume (PV),
exposure to 20 g/L unactivated persulfate, alkaline-activated (pH 12; 20 g/L) persulfate,
and alkaline (pH 12; pseudo-control for AP1-3) containing solutions. Following the 24hour treatment phase, the bioreactors were monitored for the recovery of an ‘indigenous’
anaerobic microbial community (that is predominately sulfate-reducing), as well as a return
in biodegradation potential. A control bioreactor set was also included which contained
anaerobic microbial communities and a BTEX plume (solely ISB) throughout the treatment
phase of the experiment.
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4.2.1 Unactivated Persulfate Treatment
When used as an oxidant for remediation, persulfate can be implemented with or
without the use of an activating substance or condition. When persulfate is used without
the introduction of an activation catalyst, it can react with natural organic matter (NOM)
and other reactive constituents within the soil matrix, becoming activated and splitting into
sulfate radicals (Petri et al., 2011) . Once activated, persulfate can have deleterious effects
on indigenous microorganisms that may otherwise be helpful in subsequent
bioremedation/‘polishing’ of a contaminated site. The following section discusses the
effect of unactivated persulfate on anaerobic microbial consortia(s) that are indigenous to
a ground water aquifer.
The two culture-based methods used displayed similar trends throughout the
experiment. An observable reduction (over two logs) in culturable organisms and SRB,
specifically, occurs following an unactivated persulfate treatment. However, a rebound in
microbial numbers above pre-treatment levels takes place within one month of the recovery
phase. Specifically, in the UP1-UP3 bioreactors a 2-3 log reduction in CFU/mL was
observed 4 days (approximately 2 PV) following the unactivated persulfate exposure,
whereby nearly complete loss of viable anaerobes occurred, with an average of 14 CFU/mL
remaining immediately following treatment. Even without the use of an activator, it is
apparent that a 24-hour persulfate exposure has a highly deleterious effect on viable
bacteria that may be residing within anoxic portions of a groundwater aquifer. This can be
mainly attributed to fluctuations in geochemical conditions such as redox conditions (from
reducing to highly oxidizing conditions (≥ +700 mV; Figure 3.43) and pH (~7.71  ~6.37;
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Figure 3.42) generated from the persulfate transition into its constituents (Sutton et al.,
2010; Petri et al., 2011). Twenty-eight days following the persulfate treatment, a noticeable
increase in the general bacterial population was detected as counts rose over 4 log, resulting
in CFU/mL between 105-106. The CFU/mL remained between 105-106 for the remainder
of the two-month recovery period. Others have noted ‘Enhancement’ of the community
beyond counts found in pre-injection samples may be attributed to a return to more
‘natural’ geochemical conditions, as well as the mobilization of NOM from persulfate
reacting with the soil matrix, generating increased bioavailability of supporting nutrients
for microbial growth (Sirguey et al. 2008; Westersund et al. 2006). The Most Probable
Number method applied to assess relative SRB abundance changes displayed a similar
overall trend to that of the CFU/mL analysis. SRB cell counts per mL ranged between ≤
100 cells per mL prior to treatment (refer to Table 3.1). Immediately following treatment,
no evidence of viable SRB cells were recorded. Again, the changes in geochemical
conditions due to the aggressiveness of persulfate was most likely the cause of a complete
eradication of SRB in the effluent samples. After twenty-eight days post-oxidation phase
displayed a return of a viable SRB community, with counts exceeding 1-2 log from pretreatment samples. Again, this may be attributed to a multitude of factors, including
increased availability of nutrients such as NOM or sulfate, since persulfate releases sulfate
as it breaks down into sulfate (●SO42-) and hydroxyl (●OH-) radicals (Petri et al., 2011). It
can also make sulfate bioavailable due to the breakdown of substances in the soil. Sulfate
concentrations increased 2 logs above pre-treatment levels due mainly to its liberation from
persulfate (Figure 4.32), indicating a flux of bioavailable sulfate in UP bioreactors.
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Although the increase in sulfate occurred immediately following the treatment, the SRB
community was no longer present to utilize it. However, with the continued input of sulfate
into the bioreactors, as well as any sulfate that had become more bioavailable (from the
degradation of the soil matrix) and a return to pre-oxidation geochemical conditions (e.g.
ORP: ~ -100 mV (Figure 3.43); pH ~7.7 (Figure 3.42)), an SRB community was able to
rebound in numbers exceeding pre-treatment MPN counts. Less competition between
microbial groups (e.g. with methanogens) may also play a role in the subsequent
proliferation of SRB. Dissolved methane (Figure 3.40) experienced an observable decline
(~ 2 log reduction from ~ 6000 ppb to ≤ 100 ppb) following persulfate treatment, and it did
not recover to pre-treatment levels for the duration of the trial. This can be an indicator of
lower methanogen levels, which would decrease competition with SRB for available
nutrients (Stams et al., 2005; Dar et al., 2008).
The dsrB gene is a good molecular indicator for metabolically active SRB as it
encodes for an integral and highly conserved enzyme in the sulfate reduction pathway
(Geets et al., 2006; Kondo et al., 2012; Priha et al., 2013; Zeleke et al., 2013). Quantitative
polymerase chain reaction analysis for dsrB, combined with the culture-based MPN for
SRB, helped provide a more complete picture of the presence of viable SRB. qPCR on the
dsrB gene revealed relatively similar results to the MPN results with respect to the initial
decrease immediately following treatment. Evidently, there was a subsequent increase in
the weeks following the first post-oxidation sampling event (Figure 3.17). Immediately
following the persulfate injection, dsrB gene copies per mL showed a 2 log reduction in all
replicates, dropping from 2.21E+04 to 8.51E+01 gene copies per mL on average.
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Following the initial post-oxidation sampling event, dsrB levels began to rise, and by the
4-week point post-treatment, dsrB levels had risen above pre-treatment levels (to 9.48E+04
genes/mL). dsrB gene copies remained above pre-treatment levels for the remainder of the
experiment, lowering slightly towards the last sampling date, 2-months post-treatment. The
slight reduction in the latter sampling events coincides with a slight increase in methane
levels (Figures 3.17 and 3.40, respectively), indicating that some competition for resources
may be developing as methane may be indicative of an increase in methanogens. Previous
research formed the basis for this experiment, found that methanogenesis begins to
eventually increase following a persulfate treatment on SRB (Shayan, 2015). Shayan
(2015) also observed increases in dsrB following a persulfate-mediated ISCO treatment, as
was observed in this experiment, indicating a return of an SRB consortium as well.
Recently, a similar study completed by Cassidy et al. (2015) also revealed a rebound in
dissimilatory sulfite reductase (alpha sub-unit) after a persulfate exposure indicating the
recovery of an SRB population.
In order to monitor changes in the supporting community, as well as the SRB
community more specifically, denaturing gradient gel electrophoresis was implemented.
Two types of DGGE were employed. The first was a technique used to obtain/monitor
changes in the entire microbial community’s genetic ‘fingerprint’ in each bioreactor. The
second provides a similar method to monitor changes in the SRB sub-portion of the
community. As previously mentioned, DGGE provides a fingerprint of the community by
distributing and grouping G+C similar bands of DNA. By doing so, richness, diversity and
shifts in the microbial community were monitored throughout the pre- and post-oxidation
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phases of the experimental trial. Changes/recovery in richness (number of species) and
diversity (species evenness and richness) helps illustrate the return of a robust microbial
community following the treatments. Monitoring shifts in the community structure
(average banding patterns) reveals if a similar microbial community returns following
treatment or if a novel community, different to the pre-treatment community, recovers.
With respect to the SRB community profile, a large reduction in species richness
and diversity occurred in the unactivated persulfate treated columns. Pre-treatment,
diversity in UP1-3 ranged between 1 and 2 on the Shannon index for diversity indicating
the presence of a robust community within the bioreactors. Following treatment, diversity
was reduced to almost zero as die-off ensued meaning the presence of fewer unique
microorganisms. Species richness exhibited a similar trend with respect to a notable
reduction immediately following oxidant exposure, displaying only 2 bands in UP1 and 0
bands in the other two bioreactors. A decrease in richness indicates that the unactivated
persulfate treatment had deleterious effects on the number of species present in the
bioreactor microbial communities. UP2 and UP3 bioreactors did however experience a
recovery with respect to SRB diversity and richness indicating an increase in the number
of SRB species, as well as the ability of indigenous SRB to withstand/recover from the
persulfate exposure. UP2 and UP3 SRB communities reached levels slightly higher than
the last sample taken pre-treatment which aids in confirming enhancement of the SRB
community following treatment. This is most likely due to a decrease in competing
microbes, bioaugmentation from sulfate, as well as potential increases in intermediate byproducts from the breakdown of PHC and the soil matrix which can be more readily used
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by SRB (Shayan, 2015, Cassidy et al., 2015). UP1 also experienced an increase following
treatment but never reached pre-treatment levels with respect to diversity and richness.
This may be attributed to slower development of the SRB consortia in UP1 due to lack of
bioavailable nutrients in comparison to the other two replicates although this cannot be
confirmed in this study (Sutton et al., 2014). The average banding patterns of the replicates
revealed a shift in the SRB community from a moderately-high G+C content to very high
G+C rich community, with respect to the dsrB gene, indicating the development of a novel
SRB consortium in comparison to the pre-oxidation community. No precedence exists for
monitoring SRB communities exposed to oxidants via dsrB-based DGGE so it is difficult
to determine why such a change in community structure occurred. Sutton et al. (2014) did
discover a similar trend via universal DGGE with respect to variation in composition of
the general community post-oxidation. New by-products are released through the
breakdown/mobilization of constituents in the soil matrix via oxidation which can provide
competitive advantages for other bacterial groups, which may not have been previously
metabolically active.
Universal DGGE, used to fingerprint the surrounding/supporting community in the
bioreactors, displayed a rapid rebound in comparison to the SRB-based DGGE, with
respect to species diversity and richness. Within two weeks of post-oxidation, UP1-UP3
began to show richness and diversity levels closer to pre-treatment levels than observed
with the SRB-DGGE method. This is most likely due to the gradual decrease in redox
conditions to more reducing environments (Figure 3.43). Dominance of different
organisms or groups of organisms occurs at specific redox conditions which could attribute
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to the delay in a return in SRB richness in diversity in comparison to the surrounding
microbes still present after the oxidant exposure (Sutton et al., 2014). Shifts in the average
banding patterns were not as noticeable as the variation seen between pre- and posttreatment SRB community fingerprints. Community fluctuations (with respect to G+C
content) were still observed (Figure 3.31) but the shifts were less noticeable most likely to
the smaller denaturing gradient used for universal DGGE. Communities tended to be within
a smaller range of band movement groups in universal DGGE than SRB DGGE and that
may be attributed to the differences in denaturing gradients. Overall, a different community
developed, as predicted from the study completed by Sutton et al. (2014), but the
community remained moderately rich in G+C content. This could possibly indicate some
similarity between pre- and post-oxidation microbial communities as G+C content similar
taxa are typically phylogenetically similar (Wayne, et al. 1987).
The remaining chemical parameters monitored that were not previously discussed
for the unactivated persulfate bioreactors are dissolved hydrogen sulfide (H2S), ORP and
BTEX concentrations (% reduction). With respect to H2S concentrations, a substantial
decrease was observed following the treatment phase indicating a reduction in
metabolically active SRB due to the deleterious effects of the oxidant (e.g. increase in
redox conditions). Pre-oxidation, H2S was around 3000 µg/L in the ‘UP’ replicates. Also,
metal sulfide deposits were apparent throughout the reactors, indicated by the darkening of
the sediment inside (refer to Appendix Figure A12 (pre-exposure)). Post-oxidation, the H2S
dropped to an average of 67 ppb (September 24th) and then to 2 ppb by October 5th (11
days’ post-oxidation). The observed decline is indicative of the cessation of sulfate128
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reduction and thus active SRBs two-weeks following a persulfate injection. However, by
October 15th (3-weeks post-oxidation) dissolved H2S began to rebound (~1000 ppb) and
by October 28th (34 days’ post-treatment) levels escalated beyond pre-treatment levels
(~4160 ppb). An increase in H2S continued until the last sample date, where over a log (≥
200 mg/L) increase was measured in comparison to pre-treatment levels, further indicating
the enhancement of an SRB consortium within 8-weeks following an unactivated persulfate
treatment. ORP levels were indicative of a return to reducing conditions as ORP in the
effluent was recorded to be ~100mV. Sulfate reduction does not occur until after -150 mV
and is optimal at -200mV and these levels were never observed (Acton & Barker, 1992;
Cassidy et al., 2015). However, it should be noted that measuring ORP in the effluent of
the columns may not be completely indicative of redox conditions inside the bioreactors.
Including a probe inside the bioreactors may improve representation as all other parameters
measured indicate the presence of a high rate of sulfate reduction. Although -150mV was
never observed, it was promising that there was a return to reducing conditions. A return
that surpassed pre-treatment conditions of approximately -50 mV. A study completed by
Geets et al. (2005) suggest that monitored redox conditions around or below -100mV is
sufficient for sulfate-reduction to occur and that level was reached in all bioreactors, thus
indicating the development of an SRB-dominated community.
The BTEX concentrations in the effluent changed significantly following the
oxidant injection phase. Prior to treatment exposure, total BTEX concentration being
degraded in the bioreactors was between 45-50% of that being injected into the columns
(on average 2660 µg/L). Following the injection, the biodegradation potential of the
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microbial community was severely hindered, as evidenced by only 20-30% of the
contaminant mass being reduced. The reduced biodegradation rate continued throughout
the rest of the experiment (refer to Figure 3.38). As a result, the microbial community that
recovered within a 2-month time span did not have as strong a BTEX bioremediation
capability as the pre-treatment community. Richardson et al. (2011) and Sutton et al.
(2014) discovered similar findings with respect to reduced biodegradation capabilities
following persulfate treatments, even with aerobic communities. Sutton et al. (2014)
revealed that out of the ISCO treatments they tested (Fenton’s reagent, permanganate,
persulfate, and ozone), persulfate and permanganate were the least suitable for a ‘polishing’
step via bioremediation. Furthermore, they recorded no biological activity in these columns
during the monitoring phase post-oxidation (8 weeks). However, they did suggest that
longer recovery times (90 days +) may reveal a better return in the recovery communities’
ability to remediate any recalcitrant products.
4.2.2 Alkaline-Activated Persulfate
There are a multitude of ways to activate persulfate upon injection into subsurface
sediments and aquifers, such as iron activation, chelated-iron activation, hydrogen
peroxide activation, heat activation, and alkaline-activation (Petri et al., 2011). As
persulfate is one of the relatively newer oxidants being tested for its efficacy in
remediation, the different sources of activation are still being explored for effectiveness at
sites with vary geochemical characteristics (Petri et al., 2011). The type of activation
explored in this study is alkaline-activated persulfate. In this case, not only does the
persulfate become activated synthetically and potentially have a more immediate effect on
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the microbial community, but the presence of pH 12 in the injection solution would
presumably also have a deleterious effect (Padan et al., 2005). For this reason, a triplicate
set of alkaline only (pH 12, no persulfate) bioreactors was used as a ‘pseudo-control’ to
see if the effect was additive or not.
With respect to the culture-based analysis included in this experiment, a similar
trend was noticed as seen in the unactivated persulfate treated bioreactors. Figure 3.2
illustrates that the supporting community experienced a noticeable reduction following the
treatment phase. On average, between replicates, CFU/mL in AP1-3 showed over a 1.5 log
reduction from 7.01E+03 to 1.49 E+02 CFU/mL. Although very similar, the alkalineactivated persulfate columns displayed a smaller/delayed overall reduction in viable cells
than the unactivated persulfate replicates. This delay/lessened effect can be attributed to a
reducing radical that is produced during an alkaline-activated persulfate application (Petri
et al., 2011). Although, it should be noted that UP2 was somewhat of an outlier as the
reduction was less than one log (3.53E+03 to 4.80E+02 CFU/mL). This may be attributed
to preferential flow paths that may have developed in UP2, limiting persulfate exposure to
the periphery of the reactor that may have ‘pockets’ or dead end pores that harbour
microbes (Sutton et al. 2010; Shayan, 2015). In comparison to the alkaline-only treatment
(discussed later), the reduction was more prominent, presumably due to the presence of
persulfate. However, it is difficult to determine if the effect is additive (in comparison to
persulfate-only and alkaline-only) as both the unactivated and activated treatments
displayed CFU/mL reductions to almost 0. One aspect that can be deduced is that persulfate
is the main detriment to the indigenous supporting community, with respect to initial
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impact. The recovery phase was also similar to that of the unactivated persulfate
bioreactors (Figures 3.12 and 3.13). The 2nd sampling date for culture-based results, 28
days post-oxidation, revealed a substantial recovery by the microbial community within
the AP bioreactors. The recovery was as large as a 2 log increase (AP1; ~ 104 to 106). A
robust community was maintained throughout the remainder of the 8-week sampling
period, indicating the possibility of re-development of an anaerobic microbial community
after an oxidant shock by alkaline-activated persulfate. Using qPCR with a universal primer
set, Richardson et al. (2011) also observed a full recovery of a microbial community within
a 30-day time period, post-oxidation.
The MPN method for sulfate reducers revealed a recovery of viable SRB beyond
pre-treatment levels (≤ 100 cells per mL) within a 30-day period; to an average of 2510
cells per mL, similar to that of the unactivated persulfate treatment (~ 3010 SRB per mL).
The remaining 4-weeks of recovery displayed a continuous increase in viable SRB, with
AP2 becoming an outlier on the final sampling date, with an estimated count of 4.3 x 10 5
SRB per mL. UP2s large quantity of SRB could be attributed to the fact that it was the most
successful at withstanding the persulfate treatment, displaying 10 cells per mL immediately
following treatment (refer to Table 3.1).
The qPCR (Figure 3.18) results on dsrB gene indicated a similar trend to the MPN
analysis with respect to UP2 withstanding the persulfate treatment, although much more
exaggerated. qPCR also revealed a 2 log reduction in AP1, a 1 log reduction in AP3, and a
slight increase in dsrB in AP2 immediately following the treatment phase, which suggests
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that this form of persulfate treatment is detrimental as well. However, it is difficult to depict
the true effect of alkaline-activated persulfate from these results solely. If one was to
consider AP2 as an outlier, then it would be apparent that this form of ISCO has a
substantial negative effect initially. A negative effect can be confirmed by combining the
culture-based result with the genetic-based results. Both CFU/mL and MPN for SRB reveal
a substantial reduction in the viable microbial community after an alkaline-activated
persulfate treatment. It is difficult to determine why the genetic analysis does not display
such a trend as vividly as the culture-based results. This is especially portrayed in the
alkaline-only columns (discussed later) as the qPCR results (Figure 3.9) revealed a 2 log
increase in dsrB following pH 12 exposure even though the culture-based results revealed
a reduction in the community. qPCR on DNA can provide potentially skewed results as the
technique amplifies all targeted gene segments in a sample, not just those from the viable
portion of the microbial community (Taskin et al., 2011). Therefore, supporting methods
are essential, such as the culture-based methods (e.g. MPN for SRB) used in this study.
AO1-3 trends will be discussed more in the following section. With respect to the recovery
phase of AP1-3, there was a minor lag in the recovery of dsrB gene copies when compared
to the unactivated persulfate replicates. On the October 9th sampling date, fifteen days
post-oxidation, only AP3 displayed a significant increase (2.25E+03 to 1.48E+04 gene
copies/mL) in dsrB whereas AP1 remained at ~ 102 gene copies/mL and AP2 slightly
declined. The lag is most likely due to the pH fluctuations experienced in the columns
(refer to Figure 3.42). pH was measured as low as 6.28 immediately following the treatment
and as high as 9.25 11 days following treatment. The pH did not return to pre-treatment
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levels (7.5-7.7) 3-weeks following treatment. ORP fluctuations displayed a similar trend
to that of the unactivated persulfate treatment and, therefore, may not contribute as
significantly to the lag in dsrB presence/recovery. dsrB gene copies did recover beyond
pre-treatment numbers before one-month post-oxidation, aligning with the observations by
others of community recovery within a 4-week span (Cassidy et al. 2015; Sutton et al.
2014, Richardson et al. 2011).
Overall, the SRB community (DGGE) results displayed a similar lag time with
respect to initial reductions and then increases in species richness and diversity (refer to
Figure 3.24); again with regard to meaning number bands/species (richness) and the
combination of species richness and evenness (variation in band intensities) in a single lane
(diversity). However, replicate AP1 was an exception to this trend as it experienced almost
complete reduction of dsrB gene fragments immediately following the treatment phase.
This is consistent with the MPN and qPCR for SRB. Although it should be mentioned that
AP1 had the lowest community diversity, richness etc. prior to treatment, which can
promote/exaggerate the oxidants deleterious effects (Richardson et al., 2011) on an
indigenous microbial community. On the other hand, AP2 and AP3 essentially maintained
pre-oxidation SRB richness and diversity immediately following treatment. It was not until
approximately 2-weeks post-oxidation that the detrimental effects of the alkalinity and the
oxidant were observed in AP2 and AP3. Again, the pH fluctuation may have played a role
in the delayed negative effects on the community, although this is just speculation. By the
October 20th sampling date, 28 days post-oxidation, all replicates were recovering but only
AP1 had reached pre-treatment levels at that point. Approximately 6-weeks following
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treatment, AP1 and AP3 displayed enhancement of the SRB community with respect to
diversity and continued to show that into the 8-week post-treatment period. AP2 never
portrayed full recovery throughout the 8-week post-oxidation monitoring period. This was
an unexpected result as AP2 displayed a similar or even higher dsrB gene copy number
throughout most of the experiment in comparison to the other replicates. One possible
explanation is that AP2 may contain only a limited variety of strains of SRB that are
dominating the bioreactor post-oxidation and thus reduced SRB diversity/richness was
observed. With all aspects considered, an SRB consortia did return, although differences
in community structure were noted via average banding patterns as the general SRB
population became higher in G+C content and more concentrated in fewer band movement
groups (Figure 3.14). Band congregation may indicate the recovery of phylogenetically
similar organisms (Wayne et al. 1987). One might expect that those able to withstand an
oxidation treatment may be similar in resistance abilities and potentially genetic
orientation.
Immediate impacts of the alkaline-activated persulfate treatment were more evident
when examined through universally-based DGGE; in other words, considering the broader
community. However, a slight ‘lag’ in microbial reduction of diversity and richness, in
comparison to unactivated persulfate treatment, was still observed. As observed in SRB
DGGE, AP1 experienced the largest reduction in community diversity/richness
immediately following treatment, whereas AP2 and AP3 exhibited a more noticeable
response at the two-week post-oxidation point. Although AP1’s microbial community
remained reduced at the two-week post-oxidation point as well, indicating a prolonged
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delay in community recovery. By the 28-day post-treatment mark, all bioreactors
experienced a recovery in the supporting microbial community as evidenced by increases
in species diversity and richness (refer to Figure 3.32). However, the recovery was not
enhanced beyond pre-treatment levels and it can be argued that on average, complete
recovery was never reached within the 8-week recovery period. Incomplete recovery after
an alkaline-persulfate treatment is consistent with the results found by Cassidy et al.
(2015). Of the different forms of persulfate treatment they tested, NaOH/persulfate
treatment led to the least degree of recovery, as defined by increases in the number of
species (richness). Nevertheless, a supporting microbial community did recover during the
post-oxidation monitoring period, as evidenced by a return in contaminant biodegradation.
The average banding patterns did not reveal an observable change/shift in the community
structure but the communities did become slightly more centralized around moderately rich
GC band movement groups. However, as the community recovered a return in diversity
was noticed, including OTUs with lower GC content. An increase in the diversity of the
structural profiles suggests the development of a more robust community, capable of longterm biodegradation of recalcitrant products (Richardson et al., 2011; Sutton et al., 2014).
The chemical parameters monitored supported the trends observed in microbialbased analysis. A return to pre-treatment pH (7.5-7.7) (Figure 3.42) around one-month
post-treatment is consistent with the return of a microbial community in the AP bioreactors.
Also, an initial increase in sulfate, similar to that in the AP bioreactors, and then subsequent
decrease was observed following treatment, with the community reducing up to 65% of the
sulfate in the respective reservoir (116 mg/L background SO42-). The increase in H2S
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following treatment also indicates an increase in sulfate reduction and, therefore,
metabolically active SRB (Acton & Barker, 1992). An ORP below -100 mV on average,
(Figure 3.43) also indicates a return to reducing conditions within approximately one
month’s time, providing conditions for anaerobic bacteria to thrive. Additionally, dissolved
methane was also significantly reduced, as seen in UP bioreactors as well, following
treatment and was maintained at a lower concentration throughout the recovery phase.
Methane did begin to increase but never came close to the concentrations that were present
in the pre-treatment samples (Figure 3.40). This may have helped with the development a
SRB- dominated community as there is less competition for available resources with
methanogens, who typically live syntrophically in the anaerobic areas of subsurface
sediments during biodegradation processes (Muyzer and Stams, 2008; Plugge et al. 2011).
The increase in methane near the end of the recovery phase can be reflected in the continual
drop in ORP, as methanogenesis takes place at ever lower redox conditions (~-250 mV)
(Fetzer and Conrad, 1993; Plugge et al. 2011). From the chemical parameters measured in
unison with the microbial analysis, it becomes increasingly apparent that a robust SRB
community can develop following a 20 g/L alkaline-activated (pH 12) persulfate treatment
with an 8-week timeframe under bench-scale conditions.
Since it has been established that a SRB community can recover following a 20 g/L
alkaline-activated persulfate treatment, another important aspect was to determine if that
community can biodegrade any remaining contaminants. Prior to the treatment, AP
microbial communities were degrading approximately 50% of the BTEX in a 2-day time
period (length of time to pass 1 pore volume through bioreactors). Following treatment,
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the biodegradation rates were reduced by over one-half, with the recovering communities
biodegrading 17-26% of the total contaminant mass throughout the 8-week recovery phase.
The reduction in BTEX degradation is noticeable but it is promising that the community is
still able to reduce/mineralize the recalcitrant to a measurable degree. Assuming that in the
natural environment the contaminant plume concentration would not be continuous, unlike
this experiment where contaminant concentration remains constant in the reservoir, it is
reasonable to propose the recovering indigenous community would be able to eventually
‘polish’ a contaminated site (Richardson et al., 2011; Sutton et al., 2014; Cassidy et al.,
2015).
4.2.3 Alkaline-Only Bioreactors and SRB-Only Bioreactors
The following section will be described in less detail as these replicate sets have
been touched on in previous sections. The two types of ‘control’ column sets were used to
distinguish and reflect on the effects of the two different persulfate treatments examined in
this study, alkaline-activated and unactivated persulfate.
In order to test whether there was an additive, synergistic or antagonistic
detrimental effect(s) of alkaline-activated persulfate on an indigenous, bioremediating SRB
community, an alkaline-only treatment (AO1-3) was explored. The results depicted that a
change in pH (~7.5 to 12) for a 24-hour time period does have detrimental effects on an
indigenous, anaerobic subsurface microbial community. The CFU/mL and MPN for SRB
indicated an initial reduction (less than one log on average) in the microbial community,
but overall the decline in CFU/mL was not nearly to the extent observed in the persulfate
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treated columns (Figures 3.12-3.15; Table 3.1). qPCR for dsrB revealed quite the opposite,
with dsrB genes increasing by almost 2 log (~ 104 to 106 gene copies per mL) immediately
following treatment. However, by the two-week post-treatment mark, the dsrB gene copies
returned to pre-oxidation levels. A slight increase in dsrB was noted around the one-month
mark, which may be partially attributed to SRB utilizing nutrient availability due to the
lack of competition from other groups such as methanogens, as methane levels were
substantially decreased in the AO1-3 post-oxidation as well. This corresponded with an
increase in H2S concentrations following pH 12 exposure. This suggests SRB were able to
withstand the shock of a change in pH over methanogens. Other researchers have noted
that SRB can typically manage physiological stresses, such as a change in pH or redox
potential (as in the persulfate treated column sets), better than their community members
(Dolla et al. 2006; Cassidy et al. 2015). The physical robustness of SRB are likely
responsible for the observed increases in sulfate reduction and development of SRB
dominated communities throughout the ‘treated’ bioreactor sets, including AO1-3.
SRB diversity and richness (Figure 3.15) did decline following the alkalinity
exposure, suggesting that some SRB strains can withstand physiological stresses more than
others. A shift in the SRB community structure further indicated the robustness of some
SRB strains over others as the community shifted to a more G+C rich structure, indicating
the recovery of a novel SRB consortium. The broader community profile (universalDGGE; Figure 3.23) did not show reductions (or shifts) in community diversity and
richness as much as observed in the SRB-DGGE for AO bioreactors or as seen in the
alkaline-persulfate bioreactors. The lack of overall microbial destruction following an
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alkalinity exposure is suggestive that persulfate, as a strong oxidant, is the stronger stressor
in the initial deterioration of a subsurface, anaerobic microbial community following an
alkaline-mediated ISCO treatment. However, it should be noted that the biodegradation of
the alkaline-only bioreactors exhibited a similar decrease in biodegradation potential to
that of the persulfate treatments. Therefore, it is further elucidated that some microbial
groups have the capacity to withstand a physicochemical shock when exposed to
environmental extremes better than others. Unfortunately, in the case of the ‘treated’
column sets (UP1-3, AP1-3, and AO1-3), it seems that the some of the organisms that were
functional in the BTEX biodegradation were not as robust as the community that recovered
or they may take longer to recover (i.e. ≥ 8-weeks). In that case, a longer monitoring period
post-oxidation may be required.
In comparison to the treatment columns sets, the control replicates (Con1-3)
maintained a relatively constant state. There were no notable fluctuations in the community
structure, with respect to reductions or community shifts following the 24-hour treatment
phase on September 23rd-24th, observed in the unamended control bioreactors.
However, it should be noted that there were still some minor fluctuations observed
in the SRB community structural profile throughout the experiment. The SRB consortia
remained relatively diverse throughout the experiment, with OTUs located across more
band movement groups (i.e. Con1 had OTUs spread across movement groups 6 through 18
throughout the experiment) than seen in any of the treatment column sets. The diversity
and fluctuations observed in Figures 3.17 and 3.18 may be attributed to constant cycling
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of metabolic by-products and intermediates, as some SRB can only utilize a small range of
nutrients whereas others, such as PHC-degrading Desulfosporosinus meridiei, can degrade
intermediate by-products as well (Beller et al. 1992; Morasch et al. 2003; Plugge et al.
2011). Nevertheless, band movement groups that contained OTUs remained relatively
constant which was important as a reference point for monitoring the treatment responses.
When examining the universal-DGGE results, species diversity and richness
fluctuated and declined to some extent. This may be attributed to the build-up of toxic
metabolic by-products, such as H2S, which can be toxic in high concentrations (250-550
mg/L for SRB and even lower for non-SRB) to all bacteria, even SRB themselves (Reis et
al. 1992). Although some fluctuations were present in Con1-3 throughout the experiment,
the structural fingerprint of the community remained constant (Figure 3.26). A community
comprised mainly of moderately G+C rich OTUs (and therefore phylogenetically similar
OTUs (Wayne et al., 1987)) was maintained which provides a good comparison for the
treatment bioreactor sets, which all experienced structural changes following the 24treatment phase between September 23rd-24th.
The chemical parameters for Con1-3 yielded reasonably consistent results
throughout the experiment as well, with the exception of H2S which experienced a one log
increase (~103 to ~104) between September 24th and October 5th. Methane, pH and BTEX
degradation remained relatively constant throughout the experiment. With respect to H2S,
it is difficult to determine what caused such an increase in the control columns. An increase
in MPN for SRB was noted in the control columns, but not to the extent that would correlate
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with the increase in H2S. The dsrB gene copies also remained relatively constant (~between
104-105 throughout). It can be speculated that the available metals (e.g. iron), which H2S
binds with to form metal sulfides, became saturated or unavailable, allowing some of the
produced H2S to leave the columns as dissolved H2S in the effluent. However, when
examining the sulfate concentration in the effluent, it is apparent that sulfate reduction did
increase noticeably following September 24th. Therefore, increased sulfate reduction may
be attributed to SRB gaining a competitive advantage over other competing microbes in
the columns. Furthermore, ORP decreased even more in the control columns following
September 24th (Figure 3.43). This may be indicative of a change in dominance towards a
mainly SRB-based community. However, the reason for increased sulfate reduction may
go beyond that. For example, on October 5th bacterial contamination due to back-feed of
microbes from the columns into the reservoir was noticed. This continued to be a problem
throughout the remainder of the experiment even though pre-injection lines were sterilized
and reservoir bags were changed. Continual back-feed of microbes was most likely due to
the deterioration of the glass wool/screens put in place to hold the soil matrix in the
columns. In turn, the microbes in the reservoirs began to drop the ORP before the injection
solution even reached the columns, providing an even further reduced medium for SRB to
thrive, along with the competitive advantages they already experienced (i.e. increased
electron acceptors (sulfate), physical robustness). Also, it may be possible that the SRB
producing the H2S are not culturable or detectable (qPCR) with the growth conditions and
primers used, although this seems unlikely due to highly conserved nature of the target
gene (Geets et al., 2006).
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Although the control columns experienced some unexpected fluctuations, they
worked well for the purpose they served. They maintained BTEX biodegradation levels
throughout experiment which help indicate comparatively that unactivated and alkalineactivated persulfate treatments do have a negative impact on a PHC-degrading anaerobic
community and, therefore, lowers bioremediation potential of indigenous microbial
communities at a contaminated site. Even though a more robust SRB-specific consortia
recovered during the 8-week monitoring period, the community’s biodegradation potential
did not. However, biodegradation by an SRB community is known to be slow to begin with
and the remediation potential following these treatments is still promising (Cassidy et al.,
2015). Other studies have observed reduced biodegradation following ISCO treatments,
most notably during persulfate treatments (Shayan, 2015) and more specifically, alkalineactivated persulfate treatments (Sutton et al. 2014; Cassidy et al. 2015). They also stated
that ISCO/ISB remediation techniques using persulfate and SRBs can work. An extended
study beyond an 8-week recovery period, such as the 32-week recovery period monitored
by Cassidy et al. (2015), may have strengthened the results presented as an increased
capacity for biodegradation of recalcitrant contaminants following the ISCO treatments
may have developed with an extended time-frame.
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Chapter 5: Conclusions and Future Perspectives
5.1 Summary
The research presented in this thesis provided significant insight into the changes
that can occur following an in situ chemical oxidation/in situ bioremediation treatment
using persulfate, unactivated and alkaline-activated, and a sulfate-reducing bacterial
consortium. The primary goal of this study was to determine whether or not an anaerobic
microbial community could recover following two types of ISCO treatment: 1) Unactivated
persulfate; 2) Alkaline-activated persulfate. Conventional diagnostic methods, mainly
microbiology-based, were implemented in order to assess the effects of these persulfate
treatments, to mineralize the bulk of the contaminant plume, on the subsequent
recovery/use of an indigenous SRB consortia to biodegrade any remaining recalcitrant, as
a final ‘polishing’ step for a PHC-contaminated site. The results depicted in this thesis
suggest that indigenous anaerobic communities from aquifer sediments will be temporarily
reduced following a 24-hour, 20 g/L persulfate exposure. However, recovery of a novel
SRB-dominated community can occur within four-weeks of treatment. The two types of
ISCO/ISB techniques explored can be effective, and relatively cost efficient, remediation
methods in comparison to conventional approaches, which typically involves more costly
removal of contaminated sediments for treatment ex situ.
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The general conclusions discovered with respect to the primary objectives made are as
follows:
Objective 1: Assess the presence/location of sulfate-reducing communities at a field-site
in CFB Borden, ON


It was discovered that there are anoxic portions in the Borden aquifer that support
a viable SRB consortia. Determined from the groundwater samples taken and the
cores extracted from the aquifer, anaerobic microbial communities, containing
SRB, are typically found between 7-11 feet below the ground surface, just above
the aquitard.

Objective 2: Develop bioreactors that contain an active SRB community


The anaerobic consortia extracted from the freshwater aquifer at CFB Borden is
culturable in a lab-setting. More specifically, the successful enumeration of
indigenous, sulfate-reducing consortia in bioreactors was completed. Furthermore,
the anaerobic microbial community present in the bioreactors had BTEX
biodegradation capabilities prior to the treatment phase, degrading up to 5.7 µg/L
per hour (total PHC).

Objective 3: Observe the effects of the persulfate exposures on SRBs and their supporting
microbial communities


As revealed by SRB- and universally-based DGGE, the microbial community that
returns following a persulfate exposure differs in its structure dynamics. Changes
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were expected as bacterial groups can have different capabilities to withstand
environmental stresses. However, when discerning the aspects of field-scale
application, differences in structure may only be temporary as the influx of
indigenous organisms and the ensuing return to ‘natural’ geochemical conditions
will more than likely preference the microbial community structure to return to
that present prior to site contamination.


Following the initial post-oxidation decline, a novel microbial community
(different in structure from the pre-treatment community), most notably SRB,
recovered beyond that which was present pre-treatment. The increase observed can
potentially be viewed as an enhancement of the community, even though the
recovered community exhibited a decrease in BTEX biodegration capability
throughout the 8-week post-oxidation observation period. This decrease in
biodegradation capability was similar between the unactivated and alkalineactivated persulfate treatments (reaction rates decreased from ~ 5.7 µg/L per hour
to 2.5-2.7 µg/L per hour total PHC, on average). Longer recovery may reveal a full
return in biodegradation potential of the microbial community (Cassidy et al.,
2015).
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Further contributions of the findings contained within this thesis study are as follows:


This study illustrated the importance of continuing the implementation of culturebased analysis to complement more modern genetic-based techniques. An example
of this was the use of Most Probable Number (MPN) method for sulfate-reducers
and qPCR technique for the dsrB gene segment. An increase in dsrB gene was
observed following the alkaline-based treatments, which would suggest an
immediate increase of SRB following alkaline-activated persulfate treatment.
However, as MPN for sulfate-reducers revealed, viable/metabolically active SRB
were severely hindered following treatment and numbers did not begin to increase
until at least a week post-exposure. CFU/mL also confirmed the reduction in
microbial load.



Confirmation of anaerobic microbial communities containing sulfate-reducing
bacteria in shallow, sandy aquifers (most notably at CFB Borden). The SRB
consortia contained within these sediments can be enhanced via reduction of
competing microbes and inclusion of bioaugmentation (e.g. sulfate/lactate
amendment), which occurs during a persulfate treatment (with the exception of
lactate addition). It was also discovered that eliminating a source of
bioaugmentation, in this case lactate, can initially reduce the activity of a target
organism or group of organisms, such as SRB, prior to an ISCO treatment.



The amount of contaminant present at a site may dictate the diversity of the
biodegrading portion of the microbial community. Following the initial
contaminant injections in March, an unsaturation event occurred in the columns due
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to an increase in gas production potentially attributed to methanogenesis. This was
most likely a result of too high a level of BTEX introduced into the bioreactors in
parallel with the elimination of biostimulation of SRB. The abundance of organics
available, with a subsequent halt in bioaugmentation of SRB via lactate, likely
contributed to a shift in community dynamics.


The generation of sulfate during a persulfate-based ISCO treatment may stimulate
the recovery of a SRB-dominated community. However, with the way the
bioreactor(s) setup was structured (small (1L) capacity with a relatively fast
turnover rate (~ 1.5 days to pass 1 pore volume), it is difficult to determine the true
effect of sulfate production during a persulfate treatment. The sulfate was flushed
out of the columns within 2-days’ post-treatment. However, sulfate was maintained
above 100 mg/L following treatment, providing significant amounts of electron
acceptors for SRB recovery and enhancement.



Sulfate-reducing bacteria have the ability to withstand an unactivated and alkalineactivated persulfate treatment more so than many of the supporting anaerobic
microbial population, notably methanogens. The recovery of a SRB dominated
community, as well as the observed reduction in methanogens, supports the idea
that a persulfate treatment can be implemented in combination with a SRB
bioremediation ‘polishing’ step.



Although an SRB-dominated community returned following the treatments
examined in this thesis, it appears that over time methanogenic activity begins to
return as well, as illustrated by the increase in methane levels during the last two
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sampling events. An increase in methanogenesis is most likely due to a combination
of aspects, most notably the continued decrease in redox conditions following a
persulfate treatment and the availability/production of by-products that accumulate,
increasing the bioavailability of nutrients that can support methanogenic activities.
Methanogens and sulfate-reducing bacteria are typically found together in
anaerobic portions of subsurface sediments and, thus, the re-establishment of
methanogens is highly likely. In particular in field-scale applications, indigenous
organisms can be re-inoculated into treatment zones, following the implementation
of ISCO, from up-gradient portions of an aquifer.
As an aggressive oxidant, persulfate has deleterious effects on the microbial
communities that are found in groundwater aquifers. Overall, the results presented in this
study indicate the theory of using an ISCO/ISB treatment train can be very useful when
looking at in situ remediation technology. Richness and diversity of a microbial community
can rebound after being treated within a 4-week period. However, an anaerobic bacterial
community can experience negative effects with respect to biodegradation capabilities
initially. A decrease in biodegradation potential was seen at the lab-scale level. However,
with a longer recovery time, re-inoculation of indigenous microbes from up-stream
gradients, and the fact that SRB exhibit relatively low biodegradation rates, the treatment
process examined would be suitable to support long-term bioremediation of PHC-saturated
zones at a site by native SRB and their supporting microbial community members.
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5.2 Future Directions and Recommendations
1. In order to generate a more thorough evaluation of a ‘treatment train’ that utilizes
persulfate and in situ bioremediation via SBR, the application needs to be further
assessed at the field scale. Field scale applications can present challenges not
presented in lab. Dr. Shayan’s experiment attempted to conquer some of these
aspects by taking the proposed method to a ‘closed’ system set-up in the field.
Overall, the study illustrated the successful application of the treatment train
technique, however, difficulties may arise as not all brownfield sites can be
contained within such a controlled/closed system.
2. With respect to the lab-scale setting, a more precise and clear depiction of the
physicochemical parameters would be provided with constant monitoring via flow
through probes at the source zone of contamination rather than just monitoring the
dissolved portion of the plume. Cassidy et al. (2015) were able to capture a more
precise and representable interpretation of ORP values by including stationary
probes within their bioreactors which provide real-time monitoring and analysis at
the point of contaminant mineralization.
3. Considering different methods of activation of persulfate is also an area of
ISCO/ISB treatment that needs to be further examined. There are numerous
activation methods available for persulfate treatment (e.g. iron-activators, heat
application, hydrogen peroxide) and their effects on an indigenous microbial
community are not well-documented. It is recommended that these types of
applications be examined first at the bench-scale level and then taken to a pilot150
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scale level in the field. Also, the application and effects of alkaline-activation at
the pilot-scale level is an area that needs to be tested and better understood.
4. Further monitoring of geochemical parameters and by-products (e.g. dissolved
inorganic carbon, sulfate, sulfide, methane) generated may provide a more in-depth
view of the effects of the treatment train ‘footprint’. The ISCO/ISB remedy may
be further described and the impact of such a treatment on the natural geochemical
conditions following treatment can be established. It is important to know whether
conditions can return to that pre-contamination, following a source contamination
and subsequent remediation, which involves manipulation/changing of subsurface
conditions for an extended period of time.
5. Isotope analysis would provide a detailed view of the mass removal processes
completed by both microbial biodegradation and chemical oxidation. CompoundSpecific Isotope Analysis (CSIA) would be an excellent method for this type of
analysis. CSIA would provide a more complete quantitative measurement of the
temporal changes in rates of chemical oxidation/SRB processes through a
persulfate treatment.
6. With respect to the microbial-based analysis completed in this study, there are
extenuations of methods used that will provide a more descriptive analysis of the
effects of the 24-hour persulfate treatment on the indigenous, anaerobic microbial
community examined herein. With regard to universal- and SRB-based DGGE, the
next step would be to continue the band excision protocol for sequencing. DGGE
band sequencing is a common technique implemented to reveal homologies
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between organisms in a microbial community. As mentioned, this technique was
attempted but the bands revealed were a mixture of sequences. Re-amplification
of PCR products, re-running gels, and excising bands multiple times is an addition
to the protocol that will aid in the successful acquisition of single sequences (Priha
et al. 2013).
7. With regard to qPCR analysis, further investigation and optimization using a wider
range of primer sets (as well as the primer sets in this study) is recommended.
Since this study focused on an anaerobic bacterial consortium, it is difficult to
obtain and maintain pure cultures that are used for qPCR standards, as anaerobes
can require very specific environments for growth. Without a pure strain, it is
difficult to determine primer specificity as unknown samples contain multiple
sequences with a high degree of homology, but differ slightly in nucleotide
content, therefore, producing differences in melting peaks during qPCR. These
differences make it difficult to determine if the proper segment of DNA is being
amplified during qPCR that uses a double-stranded DNA binding dye, like that
used in this study. Taqman-based qPCR, which includes the addition of probes as
well as primers, helps increase specificity of amplification and may provide a more
precise method of quantification when a pure strain is not available as a standard.
8. In addition to the suggestions for further microbial analysis, an investigation into
which bacteria are specifically present/attached to the soil matrix would provide a
more comprehensive view of the microbial populations within the bioreactors.
Attached and suspended microbial communities can display variability in
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subsurface sediments/aquifers and thus, optimally, both should be explored
(Lehman et al., 2001; Lehman, Colwell & Bala, 2001). In this thesis, only the
microbial community suspended in the liquid portion of the media was examined.
9. Finally, model parameters (e.g. water chemistry, soil composition, flow and
transport kinetics etc.) for this experiment were based on site specific conditions.
In turn, further exploration into uncertain/different model parameters, and the
inherent performance of these ISCO/ISB remedies, may yield a more complete
illustration of effectiveness of persulfate applications at contaminated sites with
different physical and chemical boundaries/properties.
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Chapter 6. Integrative Nature of this Research
Integrative biology is an essential part of a somewhat divided scientific community.
It allows for the sub-disciplines of biology, and other research areas of science, to be
analyzed on a broad spectrum and as a unified collection. With reference to research
presented in this thesis, a variety of expertise is valued as there are many variables. More
specifically, working on a remediation process for petroleum-contaminated ground
aquifers presents a lot of different biological, geochemical and environmental engineering
barriers. The research presented revolves around the bioremediation aspects of this process,
using sulfate-reducing bacteria as the catalyst for long-term revival of a
brownfield/contaminated site. However, the integration of research areas such as molecular
biology, microbiology (microbial ecology), hydrogeology (e.g. porosity of the sediment
present), geochemistry, as well as physics are necessary to understand the scope of
applying an ISCO/ISB ‘treatment train’ at various brownfield sites.
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Appendix-A

Figure A1: An illustration of the bench-scale set-up following bioreactor packing and
attachment to GW reservoirs.
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Figure A2: This chart is a representation of the BIOLOG EcoPlate and the
orientation of the 31 different carbon source wells in triplicate, including a blank well
in triplicate. (www.biolog.com)

Figure A3: An example of an inoculated Ecoplate used for carbon source utilization
profiles. This illustration shows the abiotic reduction, by sulfide in the samples, of the
tetrazolium dye 30 mins following inoculation, indicating false positives for carbon
source utilization, most notably in the control well where no dye reduction should
occur (indicated by arrow).
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A

B

Figure A4: An example of the qPCR completed for the bssA gene on one of the
bioreactors (UP2). Part A represents the amplification graph with respective cycle
thresholds for samples taken on Sept. 21st, Sept. 28th, Oct. 9th, Oct. 20th, Nov. 4th and
Nov. 18th. Part B represents the melt curve analysis showing multiple peaks (nonspecific amplification or primer dimers) which indicates potentially flawed results.
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Figure A5: An example of three excised bands that were sent for sequencing. Although some base pairs were revealed, the purity
of the product sent was not high enough. Therefore, band sequences came back with mixed base pairs (N).
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Figure A6: Percent benzene reduction in the bioreactor treatment and control sets
throughout the treatment phase of the experimental trial.
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Figure A7: Percent toluene reduction in the bioreactor treatment and control sets
throughout the treatment phase of the experimental trial.
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Figure A8: Percent ethylbenzene reduction in the bioreactor treatment and control
sets throughout the treatment phase of the experimental trial.
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Figure A9: Percent p,mxylene reduction in the bioreactor treatment and control sets
throughout the treatment phase of the experimental trial.
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Figure A10: Percent oxylene reduction in the bioreactor treatment and control sets
throughout the treatment phase of the experimental trial.
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Figure A11: Total BTEX concentration present in the reservoirs (C0) and water effluent of the unactivated persulfate (plot A),
alkaline-activated persulfate (plot B), alkaline-only (plot C), and control (plot D) bioreactors from September to mid-November.
The dashed line represents the treatment phase.
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Before exposure

During exposure

3 weeks following
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Figure A12: An example of the time-lapse before, during, and three-weeks post-exposure of AP2 bioreactor. This illustration
shows the presence of metal sulfide deposits (darkening of the columns) prior to treatment, the subsequent stripping of the
deposits during the 24-hour exposure as well as the return of the metal sulfide deposits following treatment, indicating a return
in SRB activity.
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Figure A13: A cross-section (bottom) and overhead (top) schematic of treatment train at Borden. This represents a sheet-piled
walled gated showing the multilevel monitoring fences, extraction well and source wells (SW6). The stars within the treatment
train portion indicate where cores were taken for reactor packing and the star outside indicates where groundwater was
extracted.
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